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Abstract
This thesis focuses on the rational design of birefringent materials via the use of crystal engineering
methodologies. Birefringence (∆n) arises when the refractive index differs in different directions of
a material. The ligands targeted have a high polarizability anisotropy and are (mainly) based on
2,6-bis(benzimidazole)pyridine (BBP). By incorporating these highly anisotropic ligands into well-ordered
networks, formed through coordination and/or hydrogen bonds, the ligands are oriented parallel to one
another to gain additive polarizability anisotropy, resulting in birefringent materials.
Initial studies targeted complexes of zinc and manganese with BBP incorporated into coordination
polymers, as well as supramolecular hydrogen bonding networks. The resulting materials highlight the
factors affecting the measurable birefringence: crystal quality; crystal growth direction; and alignment of
BBP units, with ∆n values ranging from 0.08(1) to the extremely high 0.69(2) for Mn(BBP)[Au(CN)2]2-
·H2O and Mn(BBP)Cl2(MeOH)·MeOH respectively.
Attempts to remove the NH hydrogen bonding donor groups on BBP by substituting BBP for 2,6-bis(N-
methyl-benzimidazole)pyridine (MBBP) or 2,6-bis(benzathiazole)pyridine (BBTP), as well as removing
hydrogen bonding solvents, resulted in a poorer alignment of the anisotropic ligands and lower ∆n values
(0.23(3) for Mn(MBBP)Br2).
By incorporating highly fluorescent lanthanide ions with BBP units into coordination polymers of the
form Ln(BBP)(NO3)2[Au(CN)2]·(CH3CN), multifunctional materials that are both highly birefringent
(∆n = 0.57(3)) and emissive were synthesized.
Structural parameters to describe the orientation of the anisotropic ligands with respect to the primary
crystal growth face were outlined and applied to a series of coordination polymers containing 2-(2-pyridyl)-
1,10-phenanthroline (phenpy). This methodology enabled the elucidation of reasons for differences
in ∆n values (0.37(2) vs 0.59(6) for Cd(phenpy)[Au(CN)2]2 and Zn(phenpy)(H2O)[Au(CN)2]2·2H2O
respectively).
Finally, BBP derivatives with higher polarizability anisotropies: 2,6-bis(5/6-halo-benzimidazole)pyridine
(diXBBP), 2,6-bis(5,6-dichloro-benzimidazole)pyridine (TClBBP), 2,6-bis(5,6-dimethyl-benzimidazole)-
pyridine (TMBBP) and 2,6-bis(napthoimidazole)pyridine (BNP) were also incorporated into materials in
an attempt to make crystals with even higher birefringence. Eu(diClBBP)(NO3)2[Au(CN)2]·(CH3CN)
is isostructural with Ln(BBP)(NO3)2[Au(CN)2]·(CH3CN) and the crystal growth face can be tuned to
be more favourable by making a solid solution of the BBP and diXBBP ligands within the structure.
Initial results with TClBBP formed well aligned structures and led to ∆n values as high as 0.912(12) for
Pb(TClBBP−H)(MeOH)[Au(CN)2], which is among the highest values reported worldwide.
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Chapter 1
Introduction
1
This thesis targets the rational design and synthesis of birefringent materials. Birefringent
materials are inherently anisotropic in their structure, thus the requirements to target these
materials lie in structural design. The design strategy employed here is to exploit crystal
engineering methodologies in order to create topologies which maximise structural anisotropy.
The resulting compounds include a combination of coordination polymer materials and
metallosupramolecular networks, which aid in aligning anisotropic ligands to create highly
birefringent materials.
1.1 Birefringent materials
Birefringence is the non-zero difference between the refractive index (n) in the primary
refractive index axes of a crystalline material, i.e. the refractive index is different in
orthogonal directions of a material, creating a birefringence (∆n).1–3 The overall refractive
index for a material can be defined by three primary refractive indices na, nb and nc, which
can be plotted to give a representation of the refractive index in all directions; this plot
is defined as the optical indicatrix (Figure 1.1a). The primary birefringence is therefore
defined as the difference between any two of these components (Eqn. 1.1).
∆nab = |na − nb|
∆nac = |na − nc|
∆nbc = |nb − nc|
(1.1)
Depending on the symmetry of a material, it can have one, two or three unique primary
refractive indices. Structures with cubic symmetry are isotropic and thus only have one
refractive index and are not birefringent (resulting in a spherical indicatrix). Crystals of
the class tetragonal, trigonal or hexagonal have two unique primary refractive indices (no
along the crystallographic a and b axis and ne along the c axis); these have a ellipsoidal
indicatrix and are termed uniaxial as they contain one optical axis (Figure 1.1b, the optical
axis is defined as the axis down which light experiences no birefringence). Finally, crystals
of the class orthorhombic, monoclinic and triclinic all have three principle refractive indices,
which for orthorhombic crystals lie along the crystallographic axes; for monoclinic, one axes
is parallel to the b axis with the other two falling in the ac-plane but neither is required
to align with the a or c axes; and triclinic systems have no defined relationship between
the optical axes and the crystallographic axes. These are defined as biaxial crystals as they
contain two optical axes (Figure 1.1c).
The birefringence experienced by light entering the material is therefore dependent on
which of the primary refractive indices it interacts with and can differ depending on the
direction it passes through the material. The effective birefringence experienced by the light
wave can therefore be depicted in terms of the projection onto the indicatrix. To further
explain this, Figure 1.2 uses the example of a uniaxial crystal to show the projection onto
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the indicatrix of three separate incident light directions. If the incident light is along the b
axis, it will experience the refractive index ne along the optic (c) axis and no along the a
axis, leading to a birefringence of ne-no, as indicated by the projection onto the indicatrix
(Figure 1.2a, projection shown as grey shading and the right image). Note this projection
will be the same for light entering anywhere in the a-b plane for a uniaxial crystal. However,
light entering between the b and c axis will experience a different ∆n as the projection onto
the indicatrix becomes n′e-no, where n′e is a weighted average (depending on the incident
angle) of ne and no (Figure 1.2b). Finally, light entering parallel to the c axis experiences
the refractive index along the a and b directions, which is no-no = 0 (Figure 1.2c).
Figure 1.1: a) The optical indicatrix for a birefringent material showing the three primary
refractive index components. b) A uniaxial indicatrix where the (only) optical axis lies along
the c axis. c) The nanc-plane of a biaxial indicatrix (one that contains two optical axes).
As nb is intermediate between na and nc, there exists four locations in the nanc-plane of
the indicatrix where the weighted average of na and nc is equal to nb. The optical axes are
therefore orthogonal to the direction from the origin of the indicatrix to these four locations.
The description is more complex for biaxial systems which have three unique refractive
indices, na (smallest), nb and nc (largest), where the maximum value would be ∆n = nc-na,
which would only occur when looking down the axis containing nb, but follows the same idea.
This is an important concept going forward in this thesis as the birefringence measurements
are conducted on single crystals, where the measurement is typically constrained to one face
(see section 1.5.3), thus in most cases, this is only a fraction of the maximum birefringence of
the sample. For samples where the birefringence measurement was successful, an estimated
projection onto the indicatrix is displayed with n′ and n′′ as the refractive indices.
The birefringence is also dependent on the wavelength of light transmitting through the
material. However, most compounds show a low wavelength dependence far from absorption
bands. The birefringence near an electronic absorption band becomes artificially enhanced
due to contributions from the complex component of the refractive index, which is related to
3
Figure 1.2: The effect on the accessible indicatrix of incoming light from different directions.
Incoming light along a) the b axis, b) between the b and c axis and c) along the c axis. In
each case the projection onto the indicatrix is shown both in the grey shaded area and to
the right.
4
the absorption coefficient of the electronic absorption and if non-zero, increases the overall
refractive index.1 This artificial enhancement can lead to ∆n values much larger than the
natural birefringence of a compound. To help illustrate this, the wavelength dependence of
the birefringence for calcite and quartz is shown in Figure 1.3.4 The birefringence is largely
stable in the visible region, then increases exponentially below 0.3 µm (300 nm), coinciding
with the onset of an electronic absorption.5 To avoid this problem, the materials in the thesis
were synthesized to try to limit absorption in the visible or lower energy spectral regions.
Figure 1.3: The experimental and computed values of birefringence vs. wavelength for calcite
and quartz uniaxial crystals at room temperature: points, experimental data; solid curves,
computed values. Left y axis - quartz; right y axis - calcite. Reprinted with permission from
G. Gosh ”Dispersion-equation coefficients for the refractive index and birefringence of calcite
and quartz crystals” Opt. Comm., vol. 163, pp. 95–102, 1999. Copyright 1999 Elsevier.
1.1.1 Birefringent materials and their applications
Birefringent materials can modulate the polarization of light and therefore have many
optical applications as components in telecommunications, the laser and lighting industries.
Birefringent materials can be used in NLO phase matching,6–10 optical filters11–15 or as
other optical components such as quarter-wave plates used to form circularly polarized light
or optical isolators, both of which are used in the telecommunications industry, as well as
many other devices, which would be more mechanically cumbersome without birefringent
materials.1–3,16,17 A particularly useful application is their use to make circularly polarised
light via the combination of a linear polariser and a birefringent material.1,2 A current active
area of research is geared toward making materials with polarised emission for next generation
optoelectronic products, thus research on how to make these materials of higher birefringence
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is key towards device miniaturisation.18 Typical telecommunications applications require
birefringence near 1550 nm.19
Many inorganic minerals have been studied and are used commercially as birefringent
components such as calcite (CaCO3, ∆n = 0.172), the industry standard and rutile (TiO2,
∆n = 0.287), whilst an example of a highly birefringent material is calomel (Hg2Cl2,
∆n = 0.683).1–3 However, calomel has no uses commercially due to its inherent toxicity.
Birefringence values for a range of inorganic solids have been collected by Weber,20 most
of which have low ∆n values (<0.1). However, a few high values have been reported such
as NaNO3: 0.251; Se: 0.82; Te: 1.45; As2S3: 0.6; AsSbS3: >0.62; TeO2: 0.35. Values were
recorded at 632.8 nm except for Se and Te which were measured at 1000 nm and 4000
nm respectively due to their opaque nature in the visible.20 Se and Te have high values
but are unsuitable for applications due to their lack of optical transparency at most useful
wavelengths. Recently, studies have targeted birefringent materials in the deep UV (λ <
200 nm) with ∆n values of 0.2045 (Ba2Mg(B3O6)2)21 and 0.2554 (α-BaB2O4).22 These
materials are specifically designed to avoid absorption bands in these regions.
Birefringent materials form the basis for LCD (Liquid Crystal Display) technology, thus
liquid crystal compounds have been extensively studied for their birefringence properties.
LCD technologies typically only require ∆n values ranging from 0.09 to 0.12,23 thus highly
birefringent LC materials were less sought after. However, it was found that a mixture of
high and low birefringence LCs leads to fast response times of the liquid crystal mixtures;24
these are now being targeted toward application in colour sequential LCDs.25 This led to
many recent examples with ∆n >0.523,26 with the highest value reported as 0.7921 for
C2-PTP(2Et)TPSP-CN (based on extrapolation to 100% from a mixture with commerical
liquid crystal E63).27
Organic crystalline solids are also known to be birefringent. For instance, crystals
of urea have a value of ∆n = 0.118.28 For many organic crystals, the face-dependent
refractive indices (and therefore the birefringence) were measured in the early-to-mid 1900s
by using refractive index-matching oils and/or prism coupling methodologies,29 and over
2000 measurements have been tabulated and compiled.28 The values are generally below
∆n = 0.3; only a very small number are greater than 0.5. However, in almost all of these
cases the crystals are strongly coloured and are therefore artificially high due to resonance
enhancement near absorption bands.19 More recently, the birefringence of a series of Bis(2-
pyridylimino)isoindolines was reported with ∆n values ranging from 0.0654(3) to the very
high 0.701(12), where the birefringence value strongly depended on the supramolecular
alignment of the molecules and the primary growth face.30
Artificial birefringence can also be formed through regular orientation of particles such
as nano wires onto surfaces, leading to values much larger than the birefringence of the bulk
materials.31–33 This has lead to ∆n values as high as 0.8 for films of GaP nanowires.34
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In most of these cases the materials are limited by either processability or flexibility
in functionalisation. Calcite and rutile are typically mined and synthetic methods such as
hydrothermal crystallisation suffer from slow growth rates.35–37 Liquid crystalline materials
are highly processable and easily functionalised. However, short alkyl chains are required in
order to form highly birefringent liquid crystals, which increases the melting temperature
such that they are often solids at room temperature.23 Thus, new types of materials, which
allow for ease of processing and flexibility of components, leading to multi-functionality and
higher ∆n values are targeted in this thesis.
1.1.2 Designing Birefringent Materials
In order to tailor a material for birefringence, one needs to investigate the factors affecting
the refractive index. Light is made up of two components, a magnetic and electric field;
therefore when light is propagating through a material, it creates an oscillating electric field.
This induces an effect on the molecules proportional to the square root of the dielectric
constant, which is related to the molecular polarizability. The more polarisable the electrons
the higher the polarizability and dielectric constant and therefore the higher the refractive
index. This is summarised by a rearranged form of the Lorentz-Lorenz equation2 (Eqn. 1.2),
which relates the molecular polarizability (α) and the number density (repeat units per
cm3, ρ) to the refractive index (n), where K is a proportionality constant.1–3 Therefore,
if light travelling through a material interacts with a greater number of atoms and/or
more highly polarizable atoms in one direction, its propagation will be slower along that
path, i.e. its speed will be retarded.38 As such, birefringence can be tuned by tailoring a
material’s polarizability and density anisotropies in order to maximize the differences in
light retardation (i.e. the slowing down of the light) along different vectors, resulting in a
birefringent material.
n =
√
1 + 2αρK
1− αρK (1.2)
One way this can be achieved is to incorporate molecular building blocks that have
polarizability anisotropy. An example of this is naphthalene, which has high polarizability in
the plane of the aromatic rings (244 and 182 x 10−25 cm3) but low polarizability perpendicular
(96 x 10−25 cm3) (Figure 1.4a, the polarizability anisotropy is represented by discs).38 If
these are oriented with the pi systems parallel to one another then this will result in additive
anisotropy (Figure 1.4b). However, if they are arranged such that all of the polarisability
tensors point in all directions i.e. if they are poorly aligned, then this will result in
cancellation of the polarizability anisotropy of the molecular units and generate an overall
isotropic structure (Figure 1.4c). This highlights the importance of aligning these anisotropic
molecules in the crystal structure.
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(a)
(b)
(c)
Figure 1.4: a) The polarizability values (x10−25 cm3) in different directions of a napthalene
molecule. The molecular polarizability can be represented as a disk, b) Arrangement of
the disks (napthalene molecules) in parallel, leading to additive polarazability anisotropy.
c) Arrangement of the disks in random directions, resulting in an equal number of each
polarizability component in each direction and an overall isotropic system.
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The other route to creating birefringence is by influencing the density of the structure.
This can most easily be rationalised for 2D layered structures, where, if the distance between
layers can be altered selectively, then the density will change only in this direction, inducing
birefringence.
To further illustrate these points, the industry standard calcite will be used as a repre-
sentative example.39 Calcite crystallises in the hexagonal crystal family and can be defined
with a trigonal (a = 6.41 Å, α = 101.9◦) or hexagonal (a = 4.99 Å, c = 17.1 Å) unit cell. To
best illustrate this example, the hexagonal axes will be used. The calcium ions are isotropic,
whereas the carbonate anions are anisotropic due to their planar structure and therefore
the arrangement of this component in the structure is critical to the birefringence. A view
down the c axis (the optic axis) shows the plane of CO2−3 anions, which are isotropic in this
orientation (Figure 1.5a). Therefore there is no birefringence down this axis. However, the
view of the a axis shows layers of CO2−3 anions and Ca2+ cations. The Ca2+ cations are still
isotropic, but there is additive anisotropy in the CO2−3 anions with a greater polarizability
in the horizontal direction (as shown) than in the vertical direction. Therefore, light with a
electric field component in the plane of the CO2−3 anions will have a greater interaction with
the crystal than light with the electric field component perpendicular to the plane, and thus
will experience a greater refractive index. This results in a birefringence of ∆n =-0.172 in
this direction of view (Note this value is negative, as for uniaxial crystals the birefringence
is defined by ∆n = no - ne).
1.2 Crystal Engineering - methods to create highly aligned
structures
As stated, in order to create a birefringent material, the structure needs to be designed
to have high anisotropy. This is highlighted in the previous example of calcite, where the
anisotropic carbonate ions align into layers. The thesis explores strategies to align other
building blocks that have even higher molecular polarizability anisotropy. The following
section outlines the crystal engineering tools used to accomplish this.
The term ’crystal engineering’ was first alluded to by Ray Pepinsky in 1955.40 However,
most of the pioneering work was conducted within organic crystal engineering by Schmidt
during the 1950s and 60s on solid state 2+2 photocycloaddition reactions of alkenes.41–44
Crystal engineering involves the understanding of intermolecular forces in the context of
solid state packing arrangements and the application of this knowledge towards the design
of new materials with desired structures and properties. Non-covalent interactions between
molecules (such as hydrogen and coordination bonds or pi − pi interactions) help direct
the organisation of molecules into a network, which can be broken down into tectons (the
molecules) and supramolecular synthons (the interaction linking the molecules together) to
allow the network to be simplified and compared to other network topologies.40 An example
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(a)
(b)
Figure 1.5: a) The view of calcite down the crystallographic c axis. b) The view of calcite
down the crystallographic a axis.39 Calcium-Oxygen bonds removed for clarity. Atom
colours: Red: O, Gray: C, Pink: Ca.
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of this (Figure 1.6) is trimesic acid (benzene-1,3,5-tricarboxylic acid), which crystallises in
a three-fold interpenetrated honeycomb network through hydrogen bonding interactions,
i.e. it has three independent honeycomb lattices in the structure that interpenetrate one
another.45 The structure can be simplified into the tecton (the benzene ring) and the three
synthons (hydrogen bonds) at 120◦ angles in the plane of the benzene ring. These hydrogen
bonding synthons are strictly linear, thus creating the hexagonal structure. This structure
can now be designed by including molecules with synthons at 120◦ to one another in the
same plane in order to create a hexagon-type structure. Another example of this is the
structure of 1,3,5-tris(4-carboxyphenyl)benzene, which also has a honeycomb structure. In
this case, it has 7 fold interpenetration due to the longer lengths of the hexagon sides.46
Figure 1.6: The hydrogen bonded sheets in trimesic acid.45
1.2.1 Non-covalent interactions in crystal engineering
The previous example highlights the role of hydrogen bonds as structure directing interactions,
allowing for predictable structures to be determined. The following section gives a further
background on hydrogen bonds as well as other non-covalent interactions that are exploited
in the thesis.
Hydrogen bonding
Hydrogen bonds defined by D-H...A, form between a polarised D-H bond to an electronegative
A, the strength of which is determined by the D and A atoms. Table 1.1 summarises various
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types of hydrogen bond, providing information on the distance and angle.40,47,48 Stronger
interactions are more covalent with similar D-H and H-A distances and have a greater
degree of directionality with approximately 180◦ bond angles. As the strength decreases,
the directionality becomes less reliable and therefore less predictable.
Table 1.1: Properties of hydrogen bonding interactions40,47,48
Very Strong Moderate Weak
Examples [F...H....F]− O-H...O=C C-H...O
[N...H...N]+ N-H...O=C N-H...F-C
O-H...N-H O-H...pi
D-A distance (in Å) 2.2-2.5 2.5-3.2 3.2-4.0
H...A distance (in Å) 1.2-1.5 1.5-2.2 2.2-3.2
D-H...A angle (in ◦) 175-180 130-180 90-180
Energy (kJ/mol) 60-120 16-60 <12
pi − pi interactions
pi − pi interactions are weaker interactions than hydrogen bonds (5-10 kJ/mol) but can play
a large role in the alignment of polarisable conjugated aromatic building blocks, which
feature prominently in this thesis. The interactions typically fall into three categories; edge
to face, face to face and offset face to face (Figure 1.7).48,49 Face to face alignment is often
unfavourable due to electrostatic interactions except in the case of an electron deficient
and electron rich ring interacting. Both edge to face and offset face to face orientations
minimise repulsive electrostatic interactions and are therefore more common. Edge to face
interactions largely account for the herring bone structures of small aromatic molecules.48
This interaction would be unfavourable towards birefringent materials as parallel alignment
of the faces would lead to the best additive anisotropy, while herringbone arrangements
yield substantial cancellation of the polarizability anisotropy. For this purpose offset face to
face would be the ideal case.
Halogen bonding
Halogen bonds are those defined by R-X...Y (where R = C, halogen, N, Metal, etc; X = I,
Br, Cl and F; Y = N, O, S, Se, I, Br, F, etc). The interactions are based on a polarisation
of the halogen atom (X) when involved in bonding, resulting in a δ− ’belt’ on the halogen,
perpendicular to the R-X bond and a δ+ at the tip of the R-X bond (Figure 1.8a). Thus,
nucleophilic interactions (i.e. halogen and hydrogen bonding acceptor) occur perpendicular
to the R-X bond, whereas electrophilic interactions (i.e. halogen bond donor) are found
closer to parallel. The orientation of interactions fall into three categories: type I-cis, type
I-trans and type II (Figure 1.8b,c and d).50,51 Interactions are typically weaker than hydrogen
bonds with energies ranging from 10 kJ/mol for weak interactions such as Cl...N52 to 150
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(a) (b) (c)
Figure 1.7: The different types of pi − pi interaction: a) edge to face; b) face to face and c)
offset face to face.
kJ/mol for strong interactions such as I2...I− 53 (where the interaction strength follows the
trend I>Br>Cl>F) but even weak interactions can play a role in the alignment of structure,
especially if there are many of them acting in concert.54 An appropriate example of this
is an investigation into azobenzene derivatives towards the design of dichroic materials.55
Dichroic materials require the alignment of absorption transition dipole axes (in this case
along the long axis of azobenzene). Trans-4,4′-dicyanoazobenzene (cab) crystallises into
a herringbone structure (which shows low dichorism effects, Figure 1.9a). However, co-
crystallisation with trans-bis(4-iodo-2,3,5,6-tetrafluorophenyl)diazene (trans-2) results in
halogen bonding interactions between iodine and cyano groups. These interactions help
to direct the structure, resulting in parallel alignment of the azobenzene cores and highly
dichroic crystals (Figure 1.9). Hydrogen bonds to M-X bonds are also directional, typically
leading to type II geometries.56 This interaction is exploited in Chapter 2 and further
investigated in Chapter 3.
1.2.2 Coordination polymers
Coordination polymers form a subset of crystal engineering where the supramolecular
synthon is a coordination bond. The first synthesized coordination polymer is Prussian Blue,
Fe4[Fe(CN)6]3 · xH2O, which was first prepared between 1704 and 1705.57 The structure was
not determined until 1977 — it was determined to be cubic with cyanide ligands bridging
all iron centres in three dimensions (Figure 1.10).58,59
A few other examples of structurally characterised coordination polymers were reported
throughout the mid to late 19th century.60–63 However, it was not until the seminal commu-
nication by Robson64 (and subsequent full paper65) in 1989 that the field of coordination
polymers significantly progressed. In these investigations, Robson and co-workers applied
the rational design concepts from organic crystal engineering to coordination analogues by
outlining a net-based approach to the design of coordination polymers. By including metal
ions that favour specific geometries with linking units (either organic or inorganic) capable
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(a)
(b) (c) (d)
Figure 1.8: a) The electron density around the halogen atom due to R-X bond formation.
The possible interaction geometries b) Type I-cis; c) Type I-trans; d) Type II.
of bridging two or more metal ions, infinite networks with predictable structures could be
realised.
The modular nature of assembling molecular building blocks into coordination polymers
has led to them being termed ’molecular mechano’ or ’node and spacer chemistry’.57 Networks
typically consist of metal cations (nodes) linked together by either organic or inorganic
molecular units (bridging units) through coordinate bonds (Figure 1.11). Therefore, network
structures are influenced by the geometry of the metal cations and the shape of the molecular
linkers, and can, in principle, be tuned by choosing an appropriate bridging unit and node.
Coordination polymers are targeted for many potential applications as they have desirable
properties such as being easily synthesized, thermally stable, generally insoluble, and are
modular in design. By judicious choice of metal cations and linkers, coordination polymers
can be tuned towards a particular structure or property.66–70 The properties initially
proposed for such materials (ion exchange, porosity, heterogeneous catalysis) have largely
been demonstrated to some degree71–77 as well as many others including magnetism,78–80
small molecule sensing81,82 and luminescence.83,84 However, the field is still developing with
many challenges still to be overcome.
Using coordination polymers to make birefringent materials
As outlined in the previous sections, birefringent materials require a material with structural
anisotropy. Coordination polymer methodology is an ideal route by which to design and
organize polarizable components into a structure in a systematic way.68,70,85–88 The modular
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Figure 1.9: Single crystal, viewed in plane-polarized light with two mutually perpendicular
orientations of the polarizer, and a general view of the solid-state packing of azo chromophores
for (a) the (011) face of cab, (b) the (001) face of (trans-2)(cab). Reprinted with permission
from O. S. Bushuyev, T. Friščić, and C. J. Barrett ”Controlling Dichroism of Molecular
Crystals by Cocrystallization” Cryst. Growth. Des., vol. 16, pp. 541–5, 2016. Copyright
2016 American Chemical Society.
15
Figure 1.10: The structure of Prussian Blue showing a cubic structure of Fe centres bridged
by cyanides. Atom colours: Orange: Fe, Blue: N, Grey: C.
nature of coordination polymer synthesis enables the incorporation of highly polarizable
anisotropic building blocks with specific relative orientation into a given structure.68,70,85,89
This also allows the choice of building blocks to control the colour of the material e.g.
harnessing metal ions not capable of d-d transitions and organic bridging or capping units
with a sufficiently high HOMO-LUMO gap to avoid absorption in the visible, in order to
generate coordination polymers that are transparent in the visible range, an important
criterion for many birefringent materials.
There are very few birefringent coordination polymers characterised, with the first being
a one-off example, Ag[HB(C2H2N3)3],90 which formed a 2D sheet structure with a high
polarizability within the sheet and low polarizability perpendicular, resulting in a ∆n value of
0.105(5). Work by the Leznoff group started with [Cu(tmeda)[Hg(CN)2]2][HgCl4],91 which
also formed a 2D sheet structure with a ∆n value of 0.0638. Another example is that of
Pb(H2O)[Au(CN)2]2 89, which utilises [Au(CN)2]– linking units to bridge Pb centres. It was
thought that as the [Au(CN)2]– units are highly anisotropic (linear rods), if these could be
aligned in a network then this would lead to overall polarizability anisotropy and birefringent
structures. The structure (Figure 1.12) indeed shows that the [Au(CN)2]– units all align in
the same direction and leads to a ∆n value of 0.070 for light travelling along the a axis.
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Figure 1.11: Examples of coordination polymer networks made up of nodes with different
geometries and linker spacers leading to 1D, 2D and 3D structures.
Whilst promising, these values are still lower than those of readily available minerals used
commercially, such as calcite (0.172) and rutile (0.287) and significantly lower than calomel
(0.683).1 A major breakthrough in this area came with a new methodology in 2007.92 This
new strategy incorporated into the coordination polymer materials 2,2′;6′2′′-terpyridine
(terpy), a planar conjugated system, which has a high polarizability within the conjugated pi
system and a low polarizability perpendicular to the pi system and thus has high molecular
anisotropy. Terpy alone crystallises in a herringbone structure in the solid state and thus
some of the polarizability anisotropy of the ligand is lost due to averaging (see section
1.1.2).93,94 However, if these molecules can be incorporated into materials and aligned such
that polarizability anisotropy is gained, this should lead to birefringent materials.
One way in which to accomplish this is by coordinating these ligands to metal ions that
are part of a coordination polymer (or supramolecular) framework. This was outlined via
the synthesis of terpy-based coordination polymers with Mn(II) or Pb(II) and [Au(CN)2]–
or [Ag(CN)2]– units, resulting in compounds of the formula [M(terpy)(M′(CN)2)2].(H2O)x
(M=PbII , MnII ; M′=AgI , AuI ; x=0-1/2). The structure of Pb(terpy)[Au(CN)2]2 is shown
in Figure 1.13.92 In this case the coordination polymer framework creates a regular scaffold
onto which the terpy ligands bind, resulting in high alignment of the terpy units.
All three systems are monoclinic and the birefringence measurements are made parallel
to the b axis, which means the measurement is between the two other primary refractive
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Figure 1.12: The structure of Pb(H2O)[Au(CN)2]2. (a) Local site geometry about the Pb(II)
center. (b) Two-dimensional slab viewed down the c-axis. Reprinted with permission from
M. J. Katz, P. M. Aguiar, R. J. Batchelor, A. A. Bokov, Z.-G. Ye, S. Kroeker, and D. B.
Leznoff, ”Structure and Multinuclear Solid-State NMR of a Highly Birefringent Lead-Gold
Cyanide Coordination Polymer” J. Am. Chem. Soc., vol. 128, pp. 3669–76, 2006. Copyright
2006 American Chemical Society.
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Figure 1.13: The structure of Pb(terpy)[Au(CN)2]2. a) Local geometry of Pb; thermal
ellipsoids are set at the 50% probability level. b) A 2D corrugated sheet showing all the
terpy molecules aligned face-to-face. Water molecule removed for clarity. Reprinted with
permission from M. J. Katz, H. Kaluarachchi, R. J. Batchelor, A. A. Bokov, Z.-G. Ye, and D.
B. Leznoff, ”Highly Birefringent Materials Designed Using Coordination Polymer Synthetic
Methodology” Angew. Chem. Int. Ed., vol. 46, pp. 8004–7, 2007. Copyright 2006 Wiley.
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index components (see section 1.1). The ∆n values of 0.396(8), 0.43(4) and 0.388(8) for
Pb(terpy)[Au(CN)2]2, Pb(terpy)[Ag(CN)2]2 and Mn(terpy)[Au(CN)2]2 respectively were a
significant breakthrough for this field, with values of over double that of calcite, the industry
standard, and showing that coordination polymer design methodology could indeed be
harnessed to generate materials with high birefringence.
Subsequent work involved adding highly polarizable halide bonds into the 4′ position of
the terpy ligand (the polarizability anisotropy of a C-Br bond (0.410 x 10−23 cm3) is almost
as large as that in pyridine (0.427 x 10−23 cm3)95 to increase the polarizability anisotropy
of the ligand. This resulted in birefringence values between ∆n=0.26(2) and ∆n=0.50(3),
where the orientation of the C-X bond, relative to the measurement axis, greatly influenced
the birefringence values.96
In the majority of these structures, the [Au(CN)2]– unit is oriented perpendicular to the
planar ligand and thus is detrimental to the overall polarizability anisotropy of the structure.
This prompted other studies that investigated introducing polarizable Au-Br bonds to the
[Au(CN)2]– building block to result in square planar AuIII with Au-Br bonds perpendicular
to the bridging cyanide ligands, generating a [AuBr2(CN)2]–-based framework and ∆n values
up to 0.131(3).97
Some recent work also reported the first birefringent MOF (Metal-Organic Framework),
[Fe3(ACTBA)2X.6DEF] (where ACTBA = 2,6,9,10-tetrakis-(p-carboxylatophenyl)anthracene,
DEF = diethylformamide and X = monoanion) with a ∆n value of 0.3.98
1.3 Research objectives
The goal of the research presented in this thesis is to build on the initial work on coordination
polymers containing terpy derivatives by exploring other planar aromatic ligands that have
an even greater polarizability anisotropy, which, if incorporated in the same way, should
lead to materials with even higher birefringence values. To achieve this whilst limiting
absorption in the visible region (and beyond), colourless metal ions, such as MnII , ZnII , PbII ,
CdII , InIII and LnIII are used together with [Au(CN)2]– bridging units (to better directly
compare to the terpy analogues) to form the coordination polymer backbone. The ligands
investigated are based on tridentate 2,6-bis(benzimidazole)pyridine (BBP, Figure 1.14), as it
has a greater anisotropy than terpy and is more easily functionalised to create derivatives
with even higher polarizability anisotropy (this is discussed further in Chapter 2). It also
adds hydrogen bonding donor groups to the ligand backbone, providing synthons to form
oriented supramolecular structures.
An investigation into BBP as a ligand towards highly birefringent materials through
the synthesis of both coordination polymers and metallosupramolecular networks formed
through hydrogen bonding interactions is outlined in Chapter 2. The resulting compounds
also form the basis to determine the factors affecting the measureable birefringence. The
20
Figure 1.14: 2,6-bis(benzimidazole)pyridine (BBP).
role of the hydrogen bonding interactions in the overall alignment of the structures from
Chapter 2 is further assessed in Chapter 3 via the removal of hydrogen bonding synthons
from the network and subsequent analysis of the structures and their birefringence.
The use of coordination polymers to make multifunctional materials is explored in Chapter
4 with luminescent lanthanides used as the metal ions, resulting in highly birefringent and
emissive compounds. Chapter 5 investigates 2-(2-pyridyl)-1,10-phenanthroline (phenpy) as a
closer structural analogue to terpy than BBP. The resulting structures permitted an in-depth
breakdown analysis; leading to a detailed structural rationalisation of the differences in the
birefringence values, which lead to parameters that can be used to compare structures and
qualitatively predict birefringence.
Finally, Chapter 6 investigates BBP derivatives that have even higher polarizability
anisotropy through the incorporation of halogen or methyl groups to the periphery of
the BBP, as well as preparing the highly anisotropic 2,6-bis(napthoimidazole)pyridine
(BNP) ligand. These ligands are explored in both coordination polymer systems as well as
metallosupramolecular network materials.
Overall, an in-depth study into the crystal engineering strategies to align BBP and BBP
derivative ligands to create birefringent materials is undertaken herein, revealing some of
the difficulties and advantages of adding hydrogen bonding synthons to the ligand.
Two other studies undertaken as part of my PhD research are not included in this
document in a bid to have a more concise and coherent thesis. The first describes luminescent
terpy-containing coordination polymers with group II metals and cyanometallate building
blocks, which display terpy-based emission and ∆n values up to 0.46(1). More details can
be found in the following paper: J. R. Thompson, K. A. S. Goodman-Rendall, D. B. Leznoff
”Birefringent, emissive cyanometallate-based coordination polymer materials containing
group(II) metal-terpyridine building blocks” Polyhedron, vol. 108, pp. 93–9, 2016.
The second investigated a series of Pb-BBP containing complexes and coordination
polymer materials, which display Pb(II) stereoactive lone pair activity. The compounds were
used as a model series to investigate structural (via X-ray crystallography) and spectroscopic
(solid state 207Pb NMR) parameters that could be used in order to estimate the relative lone
pair activity in materials. The birefringence of the compounds was also investigated, with
high values between 0.31(5) and 0.660(4) observed. More details can be found in the following
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paper: J. R. Thompson, D. Snider, J. E. C. Wren, S. Kroeker, V. E. Williams and D. B.
Leznoff ”Correlating Structural Features and 207Pb NMR Parameters with the Stereochemical
Activity of PbII Lone Pairs in Birefringent Pb[2,6-bis(benzimidazol-2-yl)pyridine] Complexes”
Eur. J. Inorg. Chem., issue 1, 88-98, 2017.
1.4 Synthesis and characterisation of coordination polymer
materials
These next sections outline the synthesis and characterisation techniques used in this thesis,
including some tricks of the trade and birefringence measurements.
The synthesis of coordination polymers can be very straightforward, often involving a
salt metathesis reaction or simply a coordination reaction by mixing together a metal salt, a
bridging unit and any desired capping ligands, either in solution or via mechanochemical
methods.99,100 This, in most cases, will lead to the formation of a powder of the coordination
polymer. However, for characterisation purposes, it is often necessary to obtain single
crystals for X-ray analysis, in order to determine the structure. Note that powder X-ray
techniques for solving structures is now more routine for simple systems, precluding the need
for single crystals in some cases. Single crystals are also a requirement for the measurement
of crystalline properties such as birefringence (as is the case in this thesis). Therefore, the
formation of an instant powder precipitate (or a powder from milling) is not always sufficient.
Obtaining the coordination polymer in single crystal form can be less straightforward,
with many possible variables to the crystallisation method and conditions, leading to the
generation of coordination polymer crystals to be considered a ’dark art’. It is often more
difficult than the crystallisation of typical materials due to the inherent insolubility of the
coordination polymers, which can lead to products forming quickly and precipitating out of
solution as powder. Thus most techniques are geared towards slowing down the reaction or
crystallisation process. The following section outlines some of the techniques used in this
thesis, as well as discussion of the different factors to consider when attempting to grow
X-ray quality single crystals of coordination polymer materials. This does not include all of
the available methods, which can be found described elsewhere in more detail.40 Specific
conditions for reactions and crystallisations in this thesis can be found in the experimental
section of each chapter.
1.4.1 Crystallisation techniques - Slow evaporation
The simplest of the techniques discussed here, slow evaporation requires the mixture to
be dissolved into a solution, which is left to evaporate slowly, gradually increasing in
concentration until a precipitate forms (hopefully in the form of crystals). It is best to
dissolve each of the components of the reaction separately to ensure that all components
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are solublised before starting the reaction. For reactions with more than two components,
the order of addition can make a difference. For example, in a three component reaction
(metal, capping ligand and bridging ligand), if the bridging ligand is added to the metal
first, this may result in the precipitate of the coordination polymer involving only these
two components. Therefore the capping ligand is usually added to the metal (to ensure an
excess of metal in solution when adding the capping ligand and to prevent the addition of
two ligands to the metal centre), followed by addition of the bridging unit. The addition is
usually performed drop-wise, allowing for the solvent to slowly diffuse through the solution,
slowing down the reaction.
The crystallisation solvent should be something that the resulting product is soluble in,
but not too soluble. Many of the reactions involve a salt metathesis, which typically gives a
simple salt by-product such as KCl. If the coordination polymer is too soluble in a solvent
then it may precipitate out of solution as the last few millilitres of solvent evaporate, along
with the unwanted by-product. Solvent mixtures can be advantageous when the solubility of
the starting materials differs. The choice of starting material can also have implications on
the solubility in certain solvents; for example, metal chloride and nitrate salts are generally
soluble in more polar solvents whereas metal triflate salts are soluble in less polar solvents.
For anionic building blocks, potassium or tetrabutyl ammonium counterion salts will have
differing solubilities (solubility in water or methanol vs. more organic solvents respectively).
Another consideration of both the solvent and counterion is polymorphism (crystallisation
of the same components into different solid state structures).101 This is largely unpredictable
but something to consider nonetheless. The choice of evaporation container can also be
critical: a large, shallow vessel will allow the solvent to evaporate quickly whereas a vial
with high walls will slow down the process. This can be further slowed down by covering the
vessel with parafilm (as long as the solvent does not dissolve it!) and piercing the parafilm
to create small holes.
1.4.2 Solvent layering
Coordination polymers are typically very insoluble and will often precipitate immediately
upon mixing of the starting materials, thus efforts must be made to slow down this mixing
process in order to obtain single crystals. Solvent layering involves dissolving each component
in solvents of differing densities, followed by layering of the solutions on top of one another
and allowing the components to slowly diffuse together (Figure 1.15a). The solvent with
highest density should go on the bottom followed by a ’buffer’ region of this solvent without
reactant. The other solvent can be carefully added to the top of this by adding it dropwise
onto the side of the vessel. Suitable vessels for this technique should be long and thin, such
as test tubes. After diffusing together, crystals hopefully form at the interface of the two
solvents.
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(a)
(b)
Figure 1.15: Examples of crystallisation techniques. a) Solvent layering. b) Vapour diffusion.
1.4.3 Crystallisation techniques - Vapour diffusion
Vapour diffusion crystallisation is an alternative to slow evaporation. Rather than relying
on the increase of concentration of the solution due to evaporation, vapour diffusion consists
of dissolving all starting materials in one solvent and then slowly diffusing in an anti-solvent
(a solvent in which the product has low solubility), which slowly induces precipitation of the
product (hopefully) as crystals (Figure 1.15b). Where applicable, care should be taken to
avoid anti-solvents that also precipitate unwanted salt metathesis by-products.
1.4.4 Crystallisation techniques - Solvothermal synthesis
This is the most frequently used technique in this thesis. Due to the low solubility of some
of the starting materials and/or products most of the previously discussed techniques were
unsuccessful, therefore crystals were grown via a solvothermal synthesis method (illustrated
in Figure 1.16). This involves adding all starting materials to a 5 mL ampoule with 3 mL of
a chosen solvent. The ampoule is then sealed under reduced pressure, placed in a steel bomb
and heated above the boiling point of the chosen solvent (Temp 1) and held for a specific
amount of time (Time 1, at which point everything should be soluble). The bomb is then
slowly cooled, typically over several days (Time 2), to room temperature. There are many
variables that could be changed: solvent, temperature, time, concentration. With many
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parameters to investigate (the only restriction being that the product should be insoluble in
the amount of solvent at room temperature), it is often best to consult the literature to see
the conditions of similar compounds that have been synthesized. This method can be used
to conduct the reaction (add all of the components) or recrystallise an insoluble powder
product from a completed reaction (free of by product salts).
Figure 1.16: The solvothermal crystallisation method.
1.5 Characterisation of coordination polymer materials
This thesis deals with the structure property relationship for a series of coordination polymer
materials and metallosupramolecular networks. The following critical techniques have aided
in both the characterisation of these materials and interpretation of the results.
1.5.1 General techniques
Vibrational spectroscopy techniques (IR or Raman) are useful in two ways: they provide a
fingerprint for the material, which can be used to easily check if a repeated procedure was
successful; characteristic stretches can indicate whether or not a reaction has taken place.
For example, when using metal perchlorate or nitrate starting materials the distinctive
stretches at 1075 and 1350 cm−1 respectively,102 can indicate whether the salt metathesis
reaction has occurred or if it has gone to completion. When using cyano-metallate bridging
units the stretching frequency of the cyanide (νCN ) is indicative of the binding mode of the
cyanide (as it typically shifts to higher wavenumber),103 thus it can give information on
whether or not the building block is acting in a bridging fashion. Elemental analysis is used
to assess bulk purity of the sample. NMR techniques are used to confirm the identity of
organic ligands as well as their purity through distinct chemical shifts and multiplicities.
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1.5.2 X-Ray Diffraction
The determination of solid state structure is critical for the understanding of structure
property relationships. This is especially important in the case of this thesis where X-Ray
diffraction is used, not only to determine the structure, but also to index the faces of crystals,
such that for a given birefringence measurement, the direction that light travels through the
structure is known (See the section below for more details). This can have a large effect on
the ∆n value depending on the projection onto the indicatrix (as discussed in section 1.1).
In order to accomplish this, X-ray quality crystals were required (which are also required for
birefringence measurements; see below) therefore a large emphasis of the work in this thesis
was toward the synthesis of such crystals as outlined in section 1.4.
1.5.3 Birefringence measurement - compensator method
As this thesis targets the synthesis of birefringent materials, a large focus is on characterising
this property. There are many methods to measure the birefringence of a sample (some of
which are outlined at the end of this section). However, in this thesis, only the compensator
method is used.104 This method does not directly measure the refractive index in each
direction, but rather only the difference between them (i.e. the birefringence).
In order to fully explain the method, a few terms need to be defined and the interaction
of linearly polarised light with a birefringent material explained. A typical microscope with
crossed polarisers will take white isotropic light from the light source, convert it to linearly
polarised light (once it passes through the first polariser), which has no component in the
direction of the 2nd polariser (the analyser) and thus no light is transmitted beyond the
analyser to the eye piece (Figure 1.17a). When a birefringent crystal is rotated between
the crossed polarisers, the crystal should be bright, but then extinguish (turn black) at 90◦
intervals. The crystal appears bright because the light is split into two waves; one parallel
with each refractive index of the projection onto the indicatrix (see section 1.1 for more
details). As the refractive indices are different, one part of the light is retarded more than
the other and they become out of phase. The retardation is related to the ∆n and thickness
(t) of the crystal under investigation. The recombination of these waves once outside of the
crystal creates elliptically (or circularly if the waves are out of phase by λ/4) polarised light
(Figure 1.17b). This light now has some component in the direction of the analyser and so
some light is transmitted to the eye piece.
The crystal appearing black coincides with when the rotation is such that one of the
refractive indices is aligned with the light polarisation direction. In this case, the light is
only affected by this refractive index, thus it remains linearly polarised and does not pass
through the analyser. This is termed an extinction direction. Therefore, when rotating
a birefringent crystal between crossed polarisers, the crystal should extinguish every 90◦,
coinciding with the refractive index directions of the face of the crystal.
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(a)
(b)
(c)
Figure 1.17: An illustration of the compensator method. a) Typical crossed polariser setup.
Light is polarised by the polariser and does not pass through the analyser. b) A birefringent
crystal of thickness t is placed between the polarisers, creating elliptically polarised light
with a retardation of ∆n.t. The light now has some component in the direction of the
analyser. c) A compensator is placed between the crystal and the analyser and tilted until
complete compensation of the retarded light back to being linearly polarised in the direction
of the analyser.
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An illustration of the compensator method is shown in Figure 1.17. Once a birefringent
crystal is placed between the two polarisers (at a 45◦ angle from extinction) the linearly
polarised light is retarded and becomes elliptically polarised (Figure 1.17b). The retardation
is the product of the birefringence and the sample thickness. Note that in order to gain
maximum retardation the crystal should be rotated 45◦ from the extinction direction such
that the polarised light is interacting equally with each refractive index direction.
Now a compensator (Figure 1.18) can be positioned between the crystal and the analyser
in order to compensate the retardation (Figure 1.17c). The compensator is a crystal of
known birefringence and thickness. The retardation of the compensator can be adjusted
by tilting the compensator crystal. This tilting changes the effective birefringence as the
projection onto the indicatrix changes with incident light angle (see Figure 1.2 in section 1.1).
This, in conjunction with the changing light path thickness, changes the overall effective
retardation. The compensator angle is therefore tuned until complete compensation of the
retardation. The compensator has been calibrated; Table 1.2 shows the retardation (in nm)
for each angle. The compensator used in all measurements within this thesis is a thick Berek
compensator containing a crystal of calcite.
Figure 1.18: The Berek compensator.
In order to reverse the retardation of the light, the compensator needs to be oriented
such that the low refractive index is parallel with the high refractive index of the sample
crystal and vice versa. This ensures that the light wave that was initially slowed down more
is now the faster of the two waves and vice versa. In practice, this involves attempting the
measurement (see below) and observing if the retardation is compensated, if not, the light is
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being further retarded (or the crystal is too thick to be compensated: see below) and so the
sample crystal should be rotated 90◦ from its current position to fix this.
The point of complete compensation is indicated by the Michel-Lévy interference pattern
(Figure 1.19), which appears as bands across the crystal. The interference pattern shows
a series of coloured bands from right to left, ending in a black band. This black band
indicates full compensation of the retardation. In practice, these bands should scroll across
the crystal as the compensator angle is changed until the black band is reached, after which
over compensation of the retardation is occurring and the bands will appear on the other
side as a mirror image of the interference pattern (Figure 1.20a). Distinguishing the colours
of the bands (to determine which band is the black one) is therefore critical and can be
difficult in crystals of low optical quality or that have a strong colour.
Measurements are typically taken at a single wavelength and thus a filter of choice is
usually added at this point, and the position of the black band optimised to be at the centre
of the cross hairs (note all of the bands are now black, Figure 1.20b). The filters used
in this thesis are 546(10) and 650(20) nm to provide ∆n values at different parts of the
visible spectrum (and check for any enhancement due to electronic absorption bands). In
all cases the difference in birefringence at each wavelength was the same within the error
of the measurement. With the measurement of the retardation in hand the birefringence
can be calculated by dividing by the crystal thickness (see equation 1.3). In this thesis
the crystal thickness was determined using OLYMPUS Stream software with a Olympus
BX60 microscope equipped with a 50X objective lens. Crystals were stood on edge using
double sided sticky tape and placed under the microscope and viewed using the microscope
camera attachment. Note that crystals must be completely upright in order to get a true
measurement of the crystal thickness. An SEM image of the crystal on its side can also
be used to obtain the thickness measurement. In this thesis, the crystals have thicknesses
of 5-40 µm and it is the error in this measurement, which is the largest source of error in
determining ∆n.
Retardation = ∆n.t (1.3)
Some considerations for this method: (1) The compensator is a crystal of calcite, which
has a birefringence much lower than the majority of compounds in this thesis. Therefore
thin (typically <25 µm) crystals are needed in order for full compensation to be accessible
within the range of the compensator. This has been partially overcome by the additional
compensator plate method, which we developed and is described below; (2) Crystals must
be flat on the surface to ensure that optical path length is the crystal thickness and the
projection of the indicatrix is on the crystal face in question; (3) Morphology is key; plate
crystals are the easiest to measure as they are thin, flat and have large differences in
dimensions making it easy to ensure that the same face of each crystal is being measured.
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Figure 1.19: Michel-Lévy interference chart showing the relationship between birefringence,
crystal thickness, and apparent colour between crossed polarizers. Each line represents a
different birefringence value and for ∆n values below 0.2, the value can be determined from
the crystal thickness and the colour of the observed band when the crystal is between crossed
polarizers.
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This also means that the measurement is constrained to one face of the crystal, which is a
major limitation alluded to throughout this thesis. Needle crystals can be measured and
have the potential to measure two birefringence values (one for each thin face). However,
it can be difficult to determine the face of crystal measured due to similarity in crystal
dimensions. Block crystals are typically too thick to compensate (if ∆n is very large) and
there would be three similar crystal dimensions to try to keep track of in this case. Other
morphologies are typically not flat or of an even thickness throughout the crystal and are
therefore not suitable for this type of measurement; (4) Birefringence becomes resonance
enhanced near an absorption band therefore high values should be investigated carefully to
ensure that the measurement is made of a wavelength far from the absorption band such
that it is not artificially high (see section 1.1 for more details).
1.5.4 The use of an additional compensation plate
In order to measure even higher birefringence samples without the need for even thinner
crystals, which would increase the error in the measurement, or simply to measure samples
of thicker crystals, a homebuilt extra compensation plate was added to the setup. This
was particularly necessary and employed for the measurement of Pb(TClBBP−H)(MeOH)-
[Au(CN)2] in Chapter 6, which has an exceedingly high ∆n value and which required
a higher level of compensation than the limit of the highest commercial compensator.
The compensation plate is a quartz disk of 1 mm thickness cut along the (100) face; the
retardation was measured to be 9614(2) nm by using the thick Berek compensator. This
plate is incorporated by using a holder designed in collaboration with Dr. Jeffrey Ovens
and is shown in Figure 1.20c. This allows the holder to be locked onto the stage and the
sample slide to freely rotate on top of this. The holder should be set up such that a 45◦
rotation of the entire holder will result in the large refractive index of the compensation
plate and Berek compensator aligned (to result in additive retardation). Then the top part
of the holder (with the sample slide) can be rotated to give a fully extinguished crystal.
At this point, rotation of the entire holder 45◦ will result in both the compensator plate
and the sample crystal at 45◦ to the polarised light. Once again, the crystal has a chance
that it could be oriented to give additive retardation with the compensators, in which case
the crystal will need to be rotated 90◦. Once the retardation of the crystal has been fully
compensated by adjusting the Berek compensator, the total retardation can be calculated
as the sum of the retardation from the Berek compensator and quartz compensation plate.
This value can be divided by the sample crystal thickness (as above) to get the ∆n value.
There are other methods that directly measure the refractive index of materials, which
include the use of refractive index matching oils, where the crystal is submerged in a series
of oils of known, isotropic refractive index until the crystal ’disappears’, at which point
a match has been found. However, these oils typically have refractive indices of between
1.3 and 1.8, where the higher refractive index oils can also be quite toxic, therefore this
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(a) (b)
(c)
Figure 1.20: Characterisation of the retardation of the quartz compensation plate a) A view
of the Michel-Levy interference pattern on the crystal b) A view of the pattern with a green
(546 nm) filter in place. Disclaimer: The interference pattern was rarely this clear when
measuring samples. c) The additional compensator plate and holder.
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is not a suitable method for the materials in this thesis. Alternatively, a ’refractive index
measurement’ instrument manufactured by Metricon Inc. makes use of a prism coupler
that presses the sample against a prism of known refractive index. Then, using a laser, the
critical angle is measured (the angle of incidence above which total internal reflection occurs)
and the refractive index can be determined using Snell’s law.2 However, this method is not
designed for small crystals; rather it requires large (>500 µm) and robust crystals that can
withstand being pressed against a prism. This method was attempted for some crystals
in this thesis. However, measurements were not successful as the crystals were typically
crushed by the mechanism of the instrument. Ellipsometry can also be used to measure
refractive index. However, it is typically used for measuring thin films, rather than crystals
and requires the use of models to fit the data and is therefore not appropriate for complex
unknown systems like those targeted in this thesis.
1.5.5 Computational studies
DFT methods are used in Chapters 5 and 6 in order to determine the relative polarizability
in different directions of a material (Chapter 5) and compare polarizability anisotropies of
ligands (Chapter 6). Energy calculations (DFT B3LYP 6-31G**) with the keyword "polar"
were conducted within Gaussian105 using ligand coordinates taken from crystal structures
without any geometry optimization. In the case of Chapter 6, all of the ligands were forced
to be planar in order to provide a measure of the potential anisotropy of the ligand. These
calculations provide a quick gauge of the relative polariazabilities of the molecules with
calculations typically taking one to two hours when run on a standard computer or less than
20 minutes when submitted to the Westgrid supercomputer.
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Chapter 2
Supramolecular assembly of
bis(benzimidazole)pyridine: an
extended anisotropic ligand for
highly birefringent materials
35
2.1 Introduction1
As outlined in the introduction chapter, a key strategy towards the synthesis of highly
birefringent materials is the assembly of ligands with high polarizability anisotropy into a
well aligned network, leading to overall bulk additive polarizability anisotropy. The majority
of this thesis concentrates on improving the polarizability anisotropy of the ligand and its
ability to align favourably, which, if employed in a similar arrangement to the examples
outlined in Section 1.2.2, should lead to materials with a greater birefringence.
Previous studies initially focused on incorporating terpy ligands into materials before
moving to terpy derivatives functionalised at the 4′-position with highly anisotropic C-X
bonds. To further increase the polarizability anisotropy, one strategy would be to add more
halogen groups to the periphery of the terpy unit. However, the synthesis of such materials
is much more demanding than the 4′-substituted systems106,107 thus, a ligand scaffold that
is much more easily functionalised was sought.
To this end, the easily synthesized108 (Scheme 2.1) and readily functionalized109–111
2,6-bis(benzimidazole)pyridine (BBP) was targeted due to its similar structure to terpy,
and similar coordination chemistry, as it binds in a tridentate fashion with three nitrogen
donors.111,112 Figure 2.1 depicts BBP as well as terpy for comparison. The metal complexes
are expected to have a similar stability and field strength given the pKa values of 5.2113 and
5.53114 for pyridinium and benzimidazolium, respectively. There has been extensive research
into the coordination chemistry of BBP with a wide range of metals111 but in particular
with iron, where complexes showed promise as spin transition compounds.115–117 The acidity
of the benzimidazole groups (pKa 11.5 for the first proton111), which can be further lowered
by complexation to a metal ion,111,118 also allows for the possibility of forming complexes
with BBP anions. BBP is also transparent in the visible spectrum, which is advantageous
for potential optical applications.
Scheme 2.1: The synthesis of BBP.
BBP has a greater polarizability anisotropy than terpy, as it contains two additional
conjugated five membered (imidazole) rings, which extends the pi-system as compared to
1Parts of this chapter were reproduced with permission from J. R. Thompson, J. S. Ovens, V. E. Williams,
D. B. Leznoff, ”Supramolecular assembly of bis(benzimidazole)pyridine: an extended anisotropic ligand for
highly birefringent materials”Chem. Eur. J., vol. 19, pp. 16572–78, 2013 (copyright 2013 Wiley). Note: A
flip book animation of linearly polarised light passing through a birefringent crystal is present on the far
right side of the footer for Chapters 2 to 6.
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terpy, creating a larger polarizability in the plane of the ligand. This is another route to
increasing the polarizability anisotropy of the ligand, rather than adding C-X bonds.38 BBP
also possesses the ability to hydrogen bond via the two imidazole NH groups, which may
aid in the formation of hydrogen bonding networks to create aligned structures.111
Figure 2.1: The BBP ligand (left) and terpy for comparison.
As discussed, a key design element is to align the anisotropic components of a structure
in such a way as to result in additive polarizability. The crystal structure of BBP has been
reported with water,119 methanol120 and ethanol121 as solvates and is a good example to
illustrate this point. All of the structures show herringbone-type topologies and therefore
poor alignment of BBP units. The structure of one of the pseudo polymorphs containing
water (Figure 2.2) shows BBP units in three different orientations (red, blue and green)
and therefore poor alignment of the BBP units, resulting in a more isotropic structure.
As outlined in Section 1.5.3 of the introduction, the compensator method of measuring
birefringence is often constrained to analysing one face of the crystal. For these crystals
of BBP, the major crystal face is the (001) plane (Figure 2.2) and the ∆n value of this
face is 0.185(2). Despite the poor alignment of BBP ligands this still is a significant value,
higher than that of calcite (∆n=0.172), which is an encouraging sign for the potential of
this building block when it is aligned in a structure. This example highlights the importance
of a supramolecular scaffold to better orient the BBP units into a more anisotropic topology
in order to create highly birefringent materials.
The goal of this first study was the preparation and structural and optical character-
isation of (nearly) colourless materials by incorporating manganese(II), indium(III) and
zinc(II) cations (complexes that lack d-d transitions, which would lead to absorption in the
visible region) with [Au(CN)2]– and/or halide frameworks to form well-ordered coordination
polymers, and/or hydrogen bonding networks to align the BBP units. The resulting ma-
terials illustrate the design requirements for generating and measuring highly birefringent
crystalline systems.
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Figure 2.2: A view of the (001) face of a polymorph of BBP119 showing BBP ligands in
three different orientations (red, blue and green). Water molecules omitted for clarity.
2.2 Factors affecting the measureable birefringence
2.2.1 The limitations of poor optical quality crystals
Zn(BBP)Cl[Au(CN)2] was synthesized hydrothermally by combining zinc(II) chloride, BBP
and [Au(CN)2]– at 125◦C, resulting in pale yellow crystals upon slow cooling. The structure
of Zn(BBP)Cl[Au(CN)2] contains a five coordinate Zn(II) centre in a distorted trigonal
bipyramid geometry consisting of BBP, a [Au(CN)2]– unit and a chloride anion as ligands
(Figure 2.3, selected bond lengths in Table 2.1). The extended structure of Zn(BBP)Cl-
[Au(CN)2] (Figure 2.4) consists of a dimer created by a hydrogen bond between Cl1 and the
imidazole containing N5 of a neighboring BBP ligand, as well as pi - pi stacking interactions
between the BBP ligands (3.328 Å). These interactions hold adjacent BBP ligands planar
with one another, creating high anisotropy in approximately the ac plane. A 1D chain is
formed through an aurophilic interaction between Au1 and Au1′ (Figure 2.4a). A hydrogen
bond between cyanide N7 and N2 links the chains together, forming a 2D sheet (Figure 2.4a
and c).
Despite the favourable alignment of the BBP ligands, the crystals have poorly defined
faces and low optical quality (Figure 2.4b), and thus a ∆n value for Zn(BBP)Cl[Au(CN)2]
could not be reliably measured. This system underscores the importance of the growth of
crystals with sufficient optical quality for characterizing the birefringence of a material.
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Figure 2.3: The coordination sphere of Zn(BBP)Cl[Au(CN)2]. Atom colours: Gold: Au,
Brown: Zn, Green: Cl, Blue: N, Gray: C, White: H.
Table 2.1: Selected bond lengths for Zn(BBP)Cl[Au(CN)2] and In(BBP)Cl[Au(CN)2]2 (in
Å)
Bond Zn(BBP)Cl[Au(CN)2] Bond In(BBP)Cl[Au(CN)2]2
Zn1-N1 2.153(3) In1-N1 2.271(3)
Zn1-N3 2.116(3) In1-N3 2.259(3)
Zn1-N4 2.209(3) In1-N4 2.240(3)
Zn1-N6 2.002(5) In1-N6 2.259(3)
Zn1-Cl1 2.256(1) In1-N7 2.254(3)
In1-Cl1 2.3438(11)
Interaction Zn(BBP)Cl[Au(CN)2] Interaction Zn(BBP)Cl[Au(CN)2]
N5-H5...Cl1a 3.250(4) N2-H2...N8 2.943(6)
N2-H2...N7b 2.803(7) N5-H5...N9d 2.745(6)
Au1...Au1c 3.4479(4) Au1...Au2 3.3641(3)
† Symmetry operations: a: -x+2, -y+2, -z, b: x-1, y, z-1,c: 2-x, 1-y, 1-z, d: -x-1/2, y+1/2, -z+1/2.
2.2.2 Synthesis and structure of In(BBP)Cl[Au(CN)2]2
Switching from zinc(II) to indium(III) chloride produces In(BBP)Cl[Au(CN)2]2 as pale yellow
crystals. The structure contains an octahedral In(III) centre consisting of one tridentate
BBP ligand, two axial cyanide ligands from a bridging [Au(CN)2]– unit and an equatorial
chloride (Figure 2.5a, selected bond lengths in table 2.1). The complexes form into 1D
chains through bridging [Au(CN)2]– units, with hydrogen bonding interactions between
unbound [Au(CN)2]– units and imidazole NH groups on BBP linking the chains together
(Figure 2.5c). Both imidazole NH groups on each BBP participate in hydrogen bonding,
further propagating the structure (Figure 2.5d). The 1D chain topology and hydrogen
bonding interactions lead to BBP units held coplanar, resulting in a highly anisotropic
structure.
Crystals of In(BBP)Cl[Au(CN)2]2 grow as large prisms thus making it challenging to
measure the birefringence using the optical microscopy compensator method due to difficulty
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(a) (b)
(c)
Figure 2.4: a) The extended structure of Zn(BBP)Cl[Au(CN)2]. b) A crystal of Zn(BBP)Cl-
[Au(CN)2] showing poor optical quality. c) The extended 2D network formed through
hydrogen bonding and aurophilic interactions. Atom colours: Gold: Au, Brown: Zn, Green:
Cl, Blue: N, Gray: C, White: H.
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in compensating the retardation of a large crystal as well as orienting the crystal such that
a flat face is available for measurement (Figure 2.5b). As such, birefringence measurement
attempts were unsuccessful.
Table 2.2: Selected bond lengths for Mn(BBP)[Au(CN)2]2·H2O (in Å)
Bond Mn(BBP)[Au(CN)2]2·H2O
Mn1-N1 2.280(5)
Mn1-N3 2.268(4)
Mn1-N4 2.297(6)
Mn1-N6 2.235(4)
Mn1-N7 2.248(4)
Mn1-N8 2.183(6)
Interaction Mn(BBP)[Au(CN)2]2·H2O
N2-H2...N9a 2.872(10)
N5-H5...O1 2.847(9)
Au1...Au3b,c 3.1941(4)
† Symmetry operations: a: x, y-1, z, b: +x, 2-y, 1/2+z, c: 1-x, 2-y, 1-z.
2.2.3 The importance of crystal growth direction
As outlined in the previous chapter, birefringence measurements are conducted using an
optical microscopy compensator method, meaning that the measurement is often constrained
to one face of the crystal. This is also likely representative of the useful birefringence of the
material as, in the case of a plate morphology, the large face of the crystal is likely to be
more useful in applications than the thin edge. Therefore, the major growth face of the
crystals is extremely important.
The hydrothermal synthesis of Mn(BBP)[Au(CN)2]2·H2O through the combination of
manganese(II) chloride, BBP and [Au(CN)2]– leads to a material where the birefringence is
greatly affected by the major growth direction. The coordination environment of Mn(BBP)-
[Au(CN)2]2·H2O (Figure 2.6a) consists of an octahedral Mn(II) centre with six N-donors, a
tridentate BBP ligand and three [Au(CN)2]– ligands in a meridional conformation (Selected
bond lengths can be found in Table 2.2).
The extended structure of Mn(BBP)[Au(CN)2]2·H2O forms a 1D chain (Figure 2.6b)
through the bridging axial [Au(CN)2]– units (containing alternating Au1 and Au2 atoms)
to the next Mn(II) centre along the c axis. Aurophilic interactions between Au1 and two
[Au(CN)2]– units containing Au3 (3.1941(4) Å for both interactions) create a 2D structure
by connecting with [Au(CN)2]– units on neighbouring Mn(II) centres creating a trimer
(Figure 2.6b). Offset pi - pi stacking interactions between BBP ligands (3.70 Å) together
with hydrogen bonding interactions between the dangling [Au(CN)2]– nitriles (N9) and an
NH group on BBP (N2), link 2D sheets together with BBP ligands situated in the ab plane
(Figure 2.7). This alignment of ligands leads to high polarizability in the ab plane. A solvate
water molecule also hydrogen bonds to one NH of each BBP ligand.
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(a) (b)
(c)
(d)
Figure 2.5: a) The coordination sphere of In(BBP)Cl[Au(CN)2]2. b) Crystals of In(BBP)-
Cl[Au(CN)2]2. c) 1D chains of In(BBP)Cl[Au(CN)2]2 linked together through hydrogen
bonding interactions. d) A view down the chains showing the hydrogen bonding network
formed by [Au(CN)2]– and BBP interactions. Atom colours: Gold: Au, Pink: In, Green: Cl,
Blue: N, Gray: C, White: H.
42
(a)
(b)
Figure 2.6: The structure of Mn(BBP)[Au(CN)2]2·H2O. a) The coordination sphere. b)
The extended structure. The water solvate and partial fragments have been omitted for
clarity. Atom colours: Gold: Au, Lavender: Mn, Red: O, Blue: N, Gray: C.
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Figure 2.7: Hydrogen bonding (red) and pi - pi (grey) interactions between chains of Mn(BBP)-
[Au(CN)2]2·H2O. The water solvate has been omitted for clarity. Atom colours: Gold: Au,
Lavender: Mn, Blue: N, Gray: C.
Mn(BBP)[Au(CN)2]2·H2O crystallizes with monoclinic symmetry as thin yellow plates
that are therefore biaxial, with the optical indicatrix consisting of three unique refractive
index components.1–3 For monoclinic crystals, one of the primary refractive index com-
ponents must lie along the crystallographic b axis (nb) while the other two axes will lie
anywhere in the ac plane but perpendicular to one another.1–3 The major growth direction of
Mn(BBP)[Au(CN)2]2·H2O is perpendicular to the (11¯1) face (Figure 2.8) and the measured
birefringence of Mn(BBP)[Au(CN)2]2·H2O down this face is ∆n=0.08(1).
Figure 2.8: A view of the (11¯1) plane of Mn(BBP)[Au(CN)2]2·H2O showing only the BBP
ligands for clarity. Atom colours: Blue: N, Gray: C.
As already noted, using optical microscopy to determine ∆n constrains the axes of
the measurement to the available crystal faces. In this case, this means that ∆n=0.08(1)
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is likely far below the maximum ∆n value for this material, illustrating how crucial the
growth direction is to characterizing a highly birefringent material. The birefringence is the
difference of the refractive indices in two perpendicular directions within the plane of the
view in Figure 2.8; the available crystal face shows the face of BBP units and thus generates
a measurement between two axes of high polarizability (n′ and n′′), resulting in a small
value overall.
To further illustrate this, a view along the b axis (a primary refractive index component,
Figure 2.9) shows BBP units edge on and is therefore a much more anisotropic view with a
high refractive index in the plane of the BBP units and a low refractive index perpendicular
to the BBP units. Therefore, if the crystal growth direction could be controlled in order to
favour this face, then a much higher birefringence could be accessed.
Figure 2.9: A view of the (010) plane of Mn(BBP)[Au(CN)2]2·H2O showing only the BBP
ligands for clarity. Atom colours: Blue: N, Gray: C.
2.2.4 The synthesis of molecular species with hydrogen bonding networks
Substituting the [Au(CN)2]– units for halides generates molecular species that aggregate
and align using a range of non-covalent interactions. The slow evaporation of a methanolic
solution of manganese bromide and BBP leads to pale yellow crystals of Mn(BBP)Br2-
(MeOH). The structure (Figure 2.10) contains a six coordinate, octahedral manganese(II)
centre containing a tridentate BBP, two bromides and a methanol ligand (Selected bond
lengths can be found in Table 2.3). The Mn(BBP)Br2(MeOH) complexes associate via
a hydrogen bonding interaction between one axial Br1 to the axial methanol ligand of a
neighbouring Mn centre, and also between Br1 and the N-H imidazole proton of an adjacent
BBP, creating a 1D column of H-bonded molecules, where the hydrogen bonding interactions
are critical to the alignment of the BBP ligands. In addition, offset pi − pi interactions
between BBP ligands on adjacent Mn centres of 3.403 and 3.245 Å along the chain also help
hold the BBP ligands within the column planar to one another (Figure 2.11a).
Each 1D column is connected to the next through a hydrogen bond between Br1 and
the N-H of a BBP ligand of a neighboring molecule, forming a 2D sheet (Figure 2.11b).
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Figure 2.10: A view of the coordination sphere of Mn(BBP)Br2(MeOH). Atom colours:
Light Brown: Br, Lavender: Mn, Red: O, Blue: N, Gray: C, White: H.
However, the BBP ligands in each column are not parallel with one another but have a
38.55◦ angle between them (Figure 2.11b (inset) and 2.12a). This deviation from planarity
decreases the overall polarizability anisotropy of the material but is still significant as the
angle is well below 90◦.
Mn(BBP)Br2(MeOH) crystallizes with monoclinic symmetry as thin yellow plates, with
the major growth direction perpendicular to the (011) face. The birefringence of Mn(BBP)-
Br2(MeOH) in this plane was determined to be ∆n=0.538(3). This value exceeds the
highest ∆n determined for any terpy M-system (0.43(4))92 or halogen substituted terpy
(0.50(3));96 it is also more than triple the ∆n of commercially utilized calcite.2,3,20 A view
of the (011) plane (Figure 2.12) shows that although the BBP ligands do not stack entirely
parallel to one another, there is clearly an axis of high polarizability (n′′) and an axis of
low polarizability (n′). This high value of ∆n is observed despite factors that reduce the
polarizability anisotropy of the material, such as the inclination of the BBP ligands with
respect to one another and the disposition of the polarizable Mn-Br bonds perpendicular to
these ligands.
2.2.5 Structure and Birefringence of Mn(BBP)Cl2(MeOH)·MeOH
Switching bromide for chloride to generate Mn(BBP)Cl2(MeOH)·MeOH yields a similar
molecular structure containing a six coordinate octahedral manganese(II) centre and a
similar extended packing (Figure 2.13, selected bond lengths can be found in Table 2.3). The
structure contains a similar column structure constructed by a hydrogen bonding interaction
between the methanol O-H and the axial Cl2′ of a neighboring molecule, where again the
hydrogen bonding network helps align the BBP ligands parallel in the network (Figure 2.14a).
Similar to the structure of Mn(BBP)Br2(MeOH) a hydrogen bond between Cl2 and the N-H
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(a)
(b)
Figure 2.11: a) The 1-D H-bonded column of Mn(BBP)Br2(MeOH) molecules and the
interaction with the next column. b) The top view of 1D columns assembled into 2D sheets
(red and blue). Inset: The side view of the 2D sheets showing non-parallel BBP ligands.
Atom colours: Light Brown: Br, Lavender: Mn, Red: O, Blue: N, Gray: C, White: H.
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(a)
(b)
Figure 2.12: a) The angle between columns of Mn(BBP)Br2(MeOH) molecules. b) A view
of the (011) plane of Mn(BBP)Br2(MeOH). Atom colours: Light Brown: Br, Lavender: Mn,
Red: O, Blue: N, Gray: C.
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proton of a BBP ligand of a neighboring molecule links two columns together. Again, this
interaction also creates a deviation from planarity of the ligands, with an angle between the
BBP ligands of 30.36◦, leading to decreased polarizability anisotropy (Figure 2.14b). The
difference in structures comes from an extra methanol solvate, which is involved in hydrogen
bonding to bridge Cl1′ and N-H proton of another BBP ligand (Figure 2.14a).
Table 2.3: Selected bond lengths for Mn(BBP)Br2(MeOH) and Mn(BBP)Cl2(MeOH)·MeOH
(in Å)
Bond Mn(BBP)Br2(MeOH) Bond Mn(BBP)Cl2(MeOH)·MeOH
Mn1-N1 2.269(3) Mn1-Cl1 2.4119(8)
Mn1-N3 2.288(3) Mn1-Cl2 2.5770(8)
Mn1-N4 2.274(3) Mn1-O1 2.266(2)
Mn1-Br1 2.7563(7) Mn1-N1 2.254(2)
Mn1-Br2 2.5441(7) Mn1-N3 2.289(2)
Mn1-O1 2.243(2) Mn1-N4 2.292(2)
Interaction Mn(BBP)Br2(MeOH) Interaction Mn(BBP)Cl2(MeOH)·MeOH
N2-H2...Br1a 3.297(3) O1-H1...Cl2d 3.148(2)
N5-H5...Br1b 3.378(3) N2-H2...O2 2.760(3)
N5-H5...Br2b 3.752(4) O2-H2B...Cl1c 3.085(2)
O1-H1...Br1c 3.331(3) N5-H5...Cl2e 3.1108(19)
† Symmetry operations:a: -x+1, -y+1, -z+1, b: -x+1/2, y+1/2, -z+1/2, c: x+1, y, z, d: x, y+1, z, e:
-x+1, y+1/2, -z+3/2.
Figure 2.13: The coordination sphere of Mn(BBP)Cl2(MeOH)·MeOH. Atom colours: Laven-
der: Mn, Green: Cl, Red: O, Blue: N, Gray: C, White: H.
Mn(BBP)Cl2(MeOH)·MeOH crystallizes with monoclinic symmetry as thin yellow plates
(shown in Figure 2.16a and b) with the major growth direction perpendicular to the (100)
face and the birefringence in this plane was found to be an extremely high ∆n=0.69(2).
Along this view (Figure 2.16c) the deviation from planar BBP stacking is less than that
for Mn(BBP)Br2(MeOH) and thus this structure has a higher polarizability anisotropy.
The figure also shows the Mn-Cl bonds perpendicular to the BBP ligands (similar to the
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(a)
(b)
Figure 2.14: a) The 1-D H-bonded column of Mn(BBP)Cl2(MeOH)·MeOH molecules and
the interaction with the next column. b) The assembly of 1D columns into 2D sheets (purple
and orange) through hydrogen bonds (red) between equatorial chloride ligands and NH
groups with methanol solvate. Inset: A side view of 2D sheet showing the non-parallel
orientation of BBP ligands. Atom colours: Lavender: Mn, Green: Cl, Red: O, Blue: N,
Gray: C, White: H.
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Figure 2.15: The angle between columns of Mn(BBP)Cl2(MeOH)·MeOH molecules. Atom
colours: Lavender: Mn, Green: Cl, Red: O, Blue: N, Gray: C, White: H.
(a) (b)
(c)
Figure 2.16: A crystal of Mn(BBP)Cl2(MeOH)·MeOH during the birefringence measurement
showing a) the extinction band b) the interference pattern on the crystal close to the extinction
band. c) The structure of Mn(BBP)Cl2(MeOH)·MeOH viewed perpendicular to the (100)
face. The methanol solvate is omitted for clarity. Atom colours: Lavender: Mn, Green: Cl,
Red: O, Blue: N, Gray: C.
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Br case) however, as Mn-Cl bonds are less polarizable than the Mn-Br analogues,122 this
leads to a greater polarizability anisotropy within this system. Figure 2.16c shows that the
measurement corresponds to approximately the highest and lowest polarizability axes of the
ligand, and thus it is likely a significant portion of the theoretical maximum birefringence of
the material, as is reflected in the extremely high ∆n of 0.69(2), which places Mn(BBP)Cl2-
(MeOH)·MeOH among the most birefringent solid materials reported. Even in this case, the
packing of the BBP ligands is not absolutely optimum and thus this structure likely still
does not represent the full capacity of BBP to afford highly birefringent materials.
2.3 Conclusion and future work
The described compounds illustrate the following key criteria necessary to successfully obtain
highly birefringent crystals.
• Sufficient crystal quality is essential in order to characterize birefringence.
• Crystal growth direction is critical to determining which ∆n component can be accessed
and measured.
• A high level of structural alignment of the anisotropic components is necessary to
create polarizability anisotropy.
• Incorporating highly anisotropic building blocks can lead to highly birefringent materi-
als.
It is clear that extending the pi system of the ligand (without compromising optical
transparency) by the use of BBP resulted in greater polarizability anisotropy of the ligand,
and introducing H-bonding sites appears to have assisted in their alignment, facilitating the
generation of highly birefringent materials.
Building on these findings, further investigation of whether hydrogen bonds help cause
the supramolecular organisation of ligands into more parallel arrangements, or if this is
merely an adventitious effect of the metal coordination network is needed. Such a study
in which the hydrogen bonding capability of both BBP and solvent molecules are removed
is described in Chapter 3. The BBP units have shown great promise for making highly
birefringent materials with high ∆n values, despite not exploiting the full capability of the
BBP (Mn(BBP)Cl2(MeOH)·MeOH and Mn(BBP)Br2(MeOH)). Further studies targeting
either new materials with better alignment of the BBP units or control of the crystal growth
or improved crystal quality of highly aligned structures from this investigation (Mn(BBP)-
[Au(CN)2]2·H2O and Zn(BBP)Cl[Au(CN)2] repsectively), are further discussed in the global
future work section (Chapter 7).
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2.4 Experimental
2.4.1 General Procedures.
All reactions were conducted in air. All reagents were obtained from commercial sources and
used as received, except for 2,6-bis(benzimidazole)pyridine (BBP), which was synthesized by
a literature procedure.108 All hydrothermal reactions were performed in a 5 mL ampoule
with 3 mL of water, sealed under reduced pressure. The hydrothermal temperature program
consisted of a ramping period of 3 hours to reach the temperature stated for each compound.
This temperature was held for the time stated for each compound, followed by a cool-down
period also lasting the time stated for each compound, reaching a final temperature of 25
◦C.
IR spectra were recorded on a Thermo Nicolet Nexus 670 FTIR spectrometer equipped
with a Pike MIRacle attenuated total reflection (ATR) sampling accessory. Raman spectra
were recorded on a Renishaw inVia Raman Microscope equipped with a 200 mW 785 nm laser.
Spectra were obtained from 100 to 3200 cm−1 using a 1200 l/mm (633/780) grating for an
exposure time of 10 seconds. Specific accumulations (a) and % laser power (%lp) are stated
for each experiment. Microanalyses (C, H, N) were performed by Frank Haftbaradaran or
Paul Mulyk at Simon Fraser University on a Carlo Erba EA 1110 CHN elemental analyzer.
2.4.2 Synthesis of 2,6-bis(benzimidazole)pyridine.
Synthesized via literature procedures.108 Yield: 50 %. Characterization data:1H NMR (500
MHz, DMSO) δ 13.00 (s, 2H), 8.35 (d, J = 7.8 Hz, 2H), 8.18 (t, J = 7.8 Hz, 1H), 7.77 (m,
4H), 7.32 (m, 4H). M.P. > 250 ◦C
2.4.3 Synthesis of Zn(BBP)Cl[Au(CN)2].
ZnCl2 (14 mg, 0.1 mmol), BBP (31 mg, 0.1 mmol) and KAu(CN)2 (57 mg, 0.2 mmol) were
added to a 5 mL ampoule with 3 mL water, which was then sealed under reduced pressure
and heated to 125 ◦C for 6 hours before cooling slowly over 60 hours to 25 ◦C. The resulting
solution was filtered to give yellow crystals of Zn(BBP)Cl[Au(CN)2]. Yield: 51 mg (77%).
Anal. Calcd. for C21H13N7AuClZn: C 38.24%; H 1.99%; N 14.87%. Found: C 38.57%; H
1.88%; N 14.49%. IR (ATR, cm−1) 2193 (νCN ,m), 2164 (νCN ,ms), 1607 m, 1579 m, 1494 m,
1480 m, 1461 s, 1316 ms, 1239 w, 1192 w, 1162 w, 1139 w, 1118 w, 1088 w, 1020 w, 994 m,
970 w, 847 m, 803 m, 763 ms, 741 vs. Raman (785 nm, a: 1, %lp: 5, cm−1) 2193 (νCN ,vw),
2162 (νCN ,vw), 1628 m, 1605 m, 1552 m, 1534 s, 1485 w, 1440 s, 1322 w, 1295 m, 1269 s,
1252 m, 1144 m, 1090 w, 1020 s, 1003 m, 972 m, 802 w, 747 w, 711 w, 531 w, 334 w, 204 w,
121 m.
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2.4.4 Synthesis of In(BBP)Cl[Au(CN)2]2.
InCl3 · 3H2O (28 mg, 0.1 mmol), BBP (31 mg, 0.1 mmol) and KAu(CN)2 (84 mg, 0.3 mmol)
were added to a 5 mL ampoule with 3 mL water, which was then sealed under reduced
pressure and heated to 120 ◦C for 6 hours before cooling slowly over 60 hours to 25 ◦C. The
resulting solution was filtered and washed with water and methanol to give yellow crystals
of In(BBP)Cl[Au(CN)2]2. Yield: 41 mg (43%). Anal. Calcd. for C23H13N9Au2ClIn: C
28.79%; H 1.37%; N 13.14%. Found: C 28.68%; H 1.45%; N 13.13%. IR (ATR, cm−1) 3114
br, 3072 br, 2866 br, 2745 br, 2177 (νCN ,vs), 2142 (νCN ,vs), 1605 m, 1498 m, 1468 s, 1320
ms, 1266 vw, 1235 vw, 1163 m, 1149 m, 1114 w, 1090 w, 1023 w, 1007 w, 999 m, 982 w, 993
vw, 910 vw, 865 w, 850 w, 813 w, 747 vs. Raman (785 nm, a: 1, %lp: 10, cm−1) 2197 vw,
2168 (νCN ,vw), 2142 (νCN ,vw), 1632 m, 1624 m, 1605 s, 1579 m, 1559 s, 1547 m,1497 w,
1487 w, 1475 w, 1442 vs, 1418 w, 1293 m, 1274 vs, 1265 s, 1240 w, 1151 m, 1090 w, 1030 s,
1007 s, 982 m, 907 vw, 807 w, 676 w, 634 w, 589 w, 538 w, 350 w, 326 w, 306 vw, 272 vw,
196 w, 156 vw, 142 vw, 128 vw.
2.4.5 Synthesis of Mn(BBP)[Au(CN)2]2·H2O.
MnBr2 · 4H2O (29 mg, 0.1 mmol), BBP (31 mg, 0.1 mmol) and KAu(CN)2 (57 mg, 0.2
mmol) were added to a 5 mL ampoule with 3 mL water, which was then sealed under
reduced pressure and heated to 140 ◦C for 24 hours, then cooled over 48 hours to 25 ◦C. The
resulting crystals and powder mixture was washed with MeOH to give pale yellow crystals
of Mn(BBP)[Au(CN)2]2·H2O. Yield: 10 mg (11%). Anal. Calcd. for C23H15N9Au2MnO: C
31.31%; H 1.71%; N 14.29%. Found: C 31.67%; H 1.65%; N 14.14%. IR (ATR, cm−1) 3637
m, 3555 w, 3455 w, 3096 br, 2171 (νCN ,s), 2150 (νCN ,vs), 1608 m, 1590 m, 1494 m, 1454 s,
1445 s, 1318 s, 1299 m, 1235 w, 1193 w, 1151 w, 1121 w,w 1092 w, 1015 w, 994 m, 969 w,
846 w, 820 m, 758 m, 747 s, 737 vs. Raman (785 nm, a: 1, %lp: 100, cm−1) 2171 (νCN ,ms),
1629 m, 1607 m, 1576 m, 1549 m, 1534 m, 1527 m, 1485 m, 1443 s, 1426 w, 1375 vw, 1317
vw, 1288 w, 1272 s, 1235 w, 1149 w, 1113 w, 1015 s, 1002 s, 969 m, 903 w, 803 m, 666 m,
628 ms, 318 w, 196 w, 131 vw.
2.4.6 Synthesis of Mn(BBP)Br2(MeOH).
BBP (31 mg, 0.1 mmol) in 10 mL of methanol was added to MnBr2 · 4H2O (29 mg, 0.1
mmol) in 5 mL of methanol. Pale yellow plates of Mn(BBP)Br2(MeOH) were grown from
the resulting solution via vapour diffusion of ether into the methanol solution. Yield: 44
mg (79%). Anal. Calcd. for C20H17N5Br2MnO: C 43.04%; H 3.07%; N 12.55%. Found: C
43.00%; H 3.11%; N 12.26%. IR (ATR, cm−1) 3370 br, 3225 br, 3133 br, 1608 m, 1582 m,
1494 m, 1460 s, 1450 s, 1427 m, 1316 s, 1301 m, 1237 w, 1149 w, 1115 w, 1010 s, 994 m,
971 w, 847 m, 811 m, 774 ms, 740 vs, 731 s. Raman (785 nm, a: 1, %lp: 10, cm−1) 1628 m,
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1607 s, 1581 m, 1548 m, 1534 s, 1489 w, 1446 s, 1427 w, 1292 m, 1265 s, 1150 m, 1013 s,
1005 m, 971 m, 805 m, 665 w, 627 w, 529 w, 200 m, 140 m, 123 m.
2.4.7 Synthesis of Mn(BBP)Cl2(MeOH)·MeOH.
BBP (31 mg, 0.1 mmol) in 10 mL of methanol was added to MnCl2 · 4H2O (20 mg, 0.1
mmol) in 5 mL of methanol. Pale yellow plates of Mn(BBP)Cl2(MeOH)·MeOH were grown
from the resulting solution via vapour diffusion of ether into the methanol solution. Yield:
11 mg (22%). Anal. Calcd. for C21H21N5Cl2MnO2: C 50.40%; H 4.23%; N 14.00%. Found:
C 50.10%; H 4.15%; N 14.00%. IR (ATR, cm−1) 3347 s, 3084 br, 2928 br, 1606 m, 1592 m,
1579 m, 1493 m, 1475 m, 1460 s, 1446 s, 1386 m, 1317 s, 1301 m, 1237 w, 1192 m, 1149 m,
1115 w, 1101 w, 1088 w, 1013 s, 1005 s, 993 m, 970 m, 937 w, 907 w, 849 m, 821 m, 805 m,
756 s. Raman (785 nm, a: 1, %lp: 5, cm−1) 1630 w, 1605 m, 1577 m, 1553 m, 1531 m, 1486
w, 1444 s, 1324 w, 1274 vs, 1261 m, 1148 m, 1010 s, 969 m, 806 m, 664 w, 625 w, 330 w, 237
w, 121 m.
2.4.8 Measurement of birefringence.
The optical retardation and crystal thickness measurements were obtained by means of
polarized-light microscopy using an Olympus BX60 microscope, with a tilted U-CTB thick
Berek compensator at λ = 546 nm at room temperature. The birefringence was calculated by
dividing the measured retardation by the crystal thickness (obtained using the microscope and
OLYMPUS Stream software). For each sample, multiple crystals were measured with typical
thickness dimensions of 15-20 µm, 19-23 µm and 7-20 µm for Mn(BBP)[Au(CN)2]2·H2O,
Mn(BBP)Br2(MeOH) and Mn(BBP)Cl2(MeOH)·MeOH respectively. The face assignment
of the crystals was determined by using the unit cell and crystal video information within
the Index Crystal Faces application in APEX II or APEX III.
2.4.9 Single crystal X-ray diffraction.
The crystalline samples were mounted on a 150 µm MiTeGen Dual-Thickness MicroMount
using paraffin oil and data collected at room temperature. The data were collected using a
Bruker SMART APEX II Duo CCD diffractometer with TRIUMPH graphite monochromated
Mo Kα radiation (λ = 0.71073 Å). Additional crystallographic information can be found
in Table 2.4. All diffraction data were processed with the Bruker APEX II or APEX III
software suite. The structures were solved with SIR92123 or SUPERFLIP124 and subsequent
refinements were performed using CRYSTALS,125 except for In(BBP)Cl[Au(CN)2]2 which
was solved using the intrinisic phasing method126 and subsequent refinements performed
using SHELXL127 within ShelXle.128 Diagrams were prepared using ORTEP-3129 and POV-
RAY.130 CIF files of the crystallographic data is included with the electronic copy of the
thesis.
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Chapter 3
The role of hydrogen bonds in
facilitating planar alignment of
Mn(II) halide 2,6-
bis(benzimidazole)pyridine-based
complexes
57
3.1 Introduction1
As highlighted in the introduction chapter, supramolecular non-covalent interactions can
be exploited in the design of materials with specific properties or function. Coordination
bonds between metal ions and ligands, hydrogen- and halogen-halogen bonds, and pi-pi
interactions can all serve, either individually or cooperatively, to guide building blocks
not only into larger structures, but also orient components in a well-defined manner. In
the previous chapter, it was noted that the imidazole NH groups of BBP tend to form
hydrogen bonding interactions with solvent molecules, such as methanol, or axial halide
ligands to afford ancillary H-bonded networks that appear to reinforce the anisotropic
arrangement of ligands, leading to extremely high ∆n values. This is particularly apparent
in the structure of Mn(BBP)Br2(MeOH) (Figure 2.11 and 3.1), which contains hydrogen
bonding interactions between axial bromide ligands and both imidazole groups and axial
methanol solvent molecules, creating a network.131
The hydrogen bonds to axial halide ligands are especially important to the overall
supramolecular alignment as these are often found at close to 90◦ angles56,132 (as evi-
denced by the imidazole-bromide interactions in the structure of Mn(BBP)Br2(MeOH),
Figure 3.1b)131 and thus, as the halide ligands are constrained through metal coordination
to be approximately 90◦ to the equatorial BBP units, these interactions are likely to orient
the BBP ligands on adjacent complexes in a parallel fashion.
In this chapter, these solvent-ligand hydrogen bonds are examined for their impact on
supramolecular organisation in metal-coordination networks. Of particular interest is the
determination of whether hydrogen bonds help cause the supramolecular organisation of
ligands into more parallel arrangements, or if this is merely an adventitious effect of the
metal coordination network. In an attempt to isolate the roles of both the BBP and solvent
hydrogen bonding interactions, three scenarios are examined (Figure 3.2): (a) coordination
networks that contain solvent molecules, that, like methanol, are both hydrogen bond
donors and acceptors, and are thus able to create extended supramolecular networks; (b)
solvents such as acetonitrile and DMF, which act only as hydrogen acceptors and therefore
cannot propagate the structure in the same way; and (c) modification of the BBP ligand to
remove its ability to act as a H-bond donor. The final case was realised by synthesis of the
N-methlyated ligand 2,6-bis(N-methyl-benzimidazole)pyridine (MBBP)110 and the thiazole
anologue 2,6-bis(benzathiazole)pyridine (BBTP).133 The synthesis and structures of the
Mn(II) halide complexes of these ligands with various solvents is hereby outlined and the
impact of these design changes on the supramolecular alignment of the ligands is discussed.
1Parts of this chapter were reproduced with permission from J. R. Thompson, V. E. Williams, D. B. Leznoff,
”The role of hydrogen bonds in facilitating planar alignment of Mn(II) halide 2,6-bis(benzimidazole)pyridine-
based complexes”Cryst. Growth Des., vol. 17, 1180-1189, 2017. (copyright 2017 American Chemical
Society)
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(a)
(b)
Figure 3.1: The structure of Mn(BBP)Br2(MeOH). a) Highlighted hydrogen bonding
interactions. b) Hydrogen bonding interactions at close to 90◦ angles, creating planar
stacking.131 Atom colours: Gray: C; White: H; Blue: N; Red: O; Lavender: Mn; Orange:
Br.
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Figure 3.2: The three scenarios targeted to determine the role of the hydrogen bonding
groups on the supramolecular alignment of ligands
3.2 Investigating other hydrogen bond donor and acceptor
solvents
3.2.1 Synthesis and structure of Mn(BBP)(EtOH)X2 (X = Cl, Br)
The first example probes the effect of changing the solvent from MeOH, as used in chapter
2, to one that is still a hydrogen bond donor and acceptor in order further confirm the
role of the solvent molecule. EtOH fills this role well. The slow evaporation of MnX2 and
BBP in ethanol leads to pale yellow crystals of Mn(BBP)(EtOH)X2 (X = Cl, Br) that are
isostructural to the previously studied Mn(BBP)Br2(MeOH) compound (Figures 3.1 and
3.3).131 The coordination sphere consists of an octahedral Mn(II) centre containing one BBP
ligand, axial and equatorial halides and an axial ethanol ligand (Selected bond lengths can
be found in Table 3.1). A hydrogen bonding network (Figure 3.3a, Table 3.1) includes axial
halides interacting with three separate complexes: two NH groups of adjacent BBP ligands
and to the OH group of a bound ethanol molecule of a third adjacent unit. The hydrogen
bond distances here and for all compounds in this study are close to average values.56 The
interactions N5-H5...Br2 and O1-H1...Br2 form a 1D column structure (Figure 3.3b), which,
in conjunction with pi - pi interactions between BBP units, facilitate parallel alignment of
the BBP ligands within the columnar structure. The columns form 2D sheets (Figure 3.3c)
which are linked together through hydrogen bonding interactions N2-H2...Br2 (Figure 3.3a
and c). The interaction with N2 creates a deviation between sheets of 39.2◦ and 44.4◦ for
the bromide and chloride analogues respectively (Figure 3.4), which are similar to the 38.6◦
in Mn(BBP)Br2(MeOH).131 Switching methanol for ethanol has therefore had little effect
on the structure, leading to a well aligned structure.
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(a)
(b)
(c)
Figure 3.3: The structure of Mn(BBP)(EtOH)Br2 showing a) the hydrogen bonding inter-
actions b) hydrogen bonding networks (red) and pi − pi interactions (grey) leading to a 1D
column structure c) top view of columns showing the formation of 2D sheets (blue and red).
The inset figure shows a side view of the columns looking down the 2D sheets. Atom colours:
Grey: C; White: H; Blue: N; Red: O; Brown: Br; Lavender: Mn.
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Figure 3.4: The packing angle between BBP ligands within adjacent columns of Mn(BBP)-
(EtOH)Br2.
Table 3.1: Selected bond lengths for Mn(BBP)(EtOH)X2 (X = Cl, Br) (in Å)
Bond Mn(BBP)(EtOH)Cl2 Mn(BBP)(EtOH)Br2
Mn-N1 2.266(3) 2.268(2)
Mn-N3 2.291(3) 2.283(2)
Mn-N4 2.282(3) 2.275(2)
Mn-X1 2.385(1) 2.5324(5)
Mn-X2 2.623(1) 2.7718(6)
Interactions
O1-H1...X2a 3.177(3) 3.324(2)
N2-H2...X2b 3.390(3) 3.409(2)
N5-H5...X2c 3.161(3) 3.306(2)
pi − pi 3.27 3.30
† Symmetry operations: a: x+1, y, z, b: -x, y-1/2, -z+3/2, c: -x, -y+1, -z+1.
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3.3 Investigating hydrogen bond acceptor solvents
3.3.1 Synthesis and structure of Mn(BBP)Cl2·DMF and Mn(BBP)Br2-
·DMF
Switching solvents to DMF (a hydrogen bond acceptor only), the previously reported
Mn(BBP)Cl2·DMF is a convenient starting point for this analysis.134,135 In this case, the
DMF does not participate through metal coordination, but rather it acts as a hydrogen
bonding acceptor to one of the NH imidazole groups (Figure 3.5a). By acting in a capping
fashion, this building motif prevents the formation of an extended hydrogen bonding network.
However, the one remaining uncapped NH group on each BBP ligand is still available
and forms dimers through hydrogen bonds to axial chloride ligands on adjacent complexes
(Figure 3.5a). This, in conjunction with pi-pi interactions creates layers of BBP units
oriented parallel in a 1D column structure (Figure 3.5b). The solvent capping of the NH
group by DMF molecules removes the interaction between columns (which is present in
the Mn(BBP)(EtOH)X2 (X = Cl, Br) systems) and, as a result, the complexes within
adjacent columns have poor alignment (70.5◦ angle between BBP planes, Figure 3.5c). This
is significantly larger than in the aforementioned structure containing a bound ethanol and
that of Mn(BBP)Cl2(MeOH)·MeOH (reported in Chapter 2), which has a much smaller
angle of 30.4◦ between the planes of BBP ligands. Here the inclusion of a hydrogen bonding
acceptor has not only reduced the role of the solvent in the hydrogen bonding network but
also effectively removed the ability of one of the NH groups on BBP to participate in extend
networks, leading to a poorly aligned structure.
Switching counterions from chloride to bromide and using the same synthetic method
leads to Mn(BBP)Br2·DMF, which also contains one DMF molecule per complex and forms
a hydrogen bond to one of the NH groups on the BBP ligand (Figure 3.6a), but it is not
isostructural with the chloride analogue. The complex contains a five coordinate Mn(II)
centre in a distorted square planar geometry containing one BBP ligand and two bromide
ligands (Selected bond lengths can be found in Table 3.2). As with the chloride containing
structure, a dimer is formed through interactions between the axial bromides and the one
remaining free NH group and supported by pi−pi interactions, holding BBP units on adjacent
complexes coplanar. It was expected that the capping of the other NH site with DMF would
create a deviation from planarity similar to that of the chloride case. However, in this case,
the resulting structure has the BBP units organised in a coplanar fashion (angle between
BBP ligands is 0.0◦), likely due to a favourable packing arrangement (Figures 3.6b and c,
Table 3.2). This example illustrates that preventing the formation of extended hydrogen
bonding networks does not guarantee poor alignment between BBP ligands, rather it just
reduces the reliability of forming well-aligned structures. Given the anisotropic nature of the
structure, if an ideal crystal face is available to maximise the anisotropy, the birefringence of
this material is expected to be high.
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(a)
(b)
(c)
Figure 3.5: The structure of Mn(BBP)Cl2·DMF134,135 a) A dimer structure from hydrogen
bonding interactions between chloride and N-H groups and DMF molecules hydrogen bonding
to the other NH group of BBP. b) The formation of 1D columns through hydrogen bonding
(red dash) and pi−pi stacking (grey dash) interactions. c) The extended packing showing the
angle between alternating columns. Hydrogen atoms have been removed for clarity. Atom
colours: Grey: C; White: H; Blue: N; Red: O; Green: Cl; Lavender: Mn.
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(a)
(b)
(c)
Figure 3.6: The structure of Mn(BBP)Br2·DMF a) A dimer structure from hydrogen bonding
interactions between bromide and N-H groups and DMF molecules hydrogen bonding to the
other NH group of BBP. b) Hydrogen bonding (red) and pi - pi (grey) interactions aiding
the alignment of BBP units into 2D sheets. c) Extended packing of 2D sheets. Hydrogen
atoms removed for clarity. Atom colours: Grey: C; White: H; Blue: N; Red: O; Brown: Br;
Lavender: Mn.
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Table 3.2: Selected bond lengths for Mn(BBP)Br2·DMF and Mn(BBP)Br2·MeCN (in Å)
Bond Mn(BBP)Br2·DMF Mn(BBP)Br2·MeCN
Mn-N1 2.231(2) 2.236(2)
Mn-N3 2.287(2) 2.246(2)
Mn-N4 2.229(2) 2.255(2)
Mn-Br1 2.5380(4) 2.5684(5)
Mn-Br2 2.5122(4) 2.4861(6)
Interaction Mn(BBP)Br2·DMF Interaction Mn(BBP)Br2·MeCN
N2-H2...O1 2.666(3) N5-H5...N6 2.876(3)
N5-H5...Br1a 3.424(2) N2-H2...Br1b 3.347(2)
pi − pi 3.26, 3.48 pi − pi 3.32, 3.33, 3.40
† Symmetry operations: a: -x+1, -y+2, -z+1, b: -x+3/2, -y+1/2, -z+1.
3.3.2 Synthesis and structure of Mn(BBP)Br2·MeCN
To further investigate the role of solvents that can act only as hydrogen bonding acceptors (as
in the last example, DMF), the reaction of MnBr2 and BBP was conducted in MeCN and, in
order to obtain X-ray quality crystals, the reaction conditions were changed to a solvothermal
method (see experimental section for details). The resulting structure of Mn(BBP)Br2-
·MeCN is similar to that of Mn(BBP)Cl2·DMF in that it contains a Mn(II) centre in a
distorted square pyramidal geometry (Selected bond lengths can be found in Table 3.2).
Again, only one MeCN molecule is included per complex, forming a hydrogen bond to one
NH group whilst the other NH group forms a hydrogen bond to the axial bromide, creating a
dimer structure, which is also supported by pi−pi interactions (Figure 3.7a, Table 3.2). These
dimers assemble into 2D sheets through further pi−pi interactions (Figure 3.7b). In this case,
the lack of directing interactions between sheets is associated with a 51.6◦ deviation from
coplanarity of the BBP units within adjacent sheets (Figure 3.7c) and is another example
where removing the hydrogen bonding network leads to a lower supramolecular alignment of
the building blocks.
3.4 Covalent removal of hydrogen bonding groups from BBP
3.4.1 Synthesis and structure of Mn(MBBP)X2 (X = Cl, Br)
A potentially more reliable way to disrupt the hydrogen bonding network is to remove the
NH functionality via the methylation of BBP, i.e. by using 2,6-bis(N-methyl-benzimidazole)-
pyridine (MBBP). The synthesis of MBBP was performed according to a literature pro-
cedure110 via the methylation of BBP with MeI (Scheme 3.1). Crystals of Mn(MBBP)X2
(X = Cl, Br) were obtained, with the bromide analogue synthesized via layering a THF
solution of MnBr2 · 4H2O in THF on top of an acetonitrile solution of MBBP, resulting
in yellow crystals of Mn(MBBP)Br2, whereas the chloride analogue was synthesized via
layering of two methanolic solutions. The two complexes are isostructural, containing an
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(a)
(b)
(c)
Figure 3.7: The structure of Mn(BBP)Br2·MeCN a) the dimer structure formed through
hydrogen bonds (red). b) the formation of a 2D sheet through hydrogen bond (red dash)
and pi − pi stacking (grey dash) interactions. c) the distortion from planarity of alternating
2D sheets of molecules. Inset: A top view of the 2D sheets. Atom colours: Grey: C; White:
H; Blue: N; Brown: Br; Lavender: Mn.
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Mn(II) centre in a distorted square pyramidal geometry consisting of one tridentate MBBP
ligand and two halide ligands (Figure 3.8a, Selected bond lengths can be found in Table 3.3).
This case investigates both the removal of hydrogen bonding groups from BBP and the
removal of solvent molecules. The removal of the NH groups prevents the formation of
dimers through hydrogen bonds to the axial halide ligand; however the extended structure
still consists of 2D sheets formed through pi - pi interactions and weak C-H...X hydrogen
bonds between C15-H15a...X2, C15-H15c...X1 and C5-H5...X2, creating parallel stacking
between MBBP ligands (Figure 3.8b, Table 3.3). As with the case of Mn(BBP)Cl2·DMF
and Mn(BBP)Br2·MeCN, there are no significant interactions between sheets, resulting in a
64.6◦ (X=Cl) and 67.1◦ (X=Br) angle between the planes of MBBP molecules in each sheet
(Figure 3.8c); i.e. a poor supramolecular alignment of the MBBP ligands is observed. Thus,
removal of the structure-directing NH hydrogen bond site in these cases has yielded a loss of
parallel ligand alignment in the crystals.
Scheme 3.1: The synthesis of 2,6-bis(N-methyl-benzimidazole)pyridine.
Table 3.3: Selected bond lengths for Mn(MBBP)Cl2 and Mn(MBBP)Br2 (in Å)
Bond Mn(MBBP)Cl2 Mn(MBBP)Br2
Mn-N1 2.234(1) 2.235(3)
Mn-N3 2.283(1) 2.259(3)
Mn-N4 2.235(2) 2.233(3)
Mn-X1 2.3727(6) 2.5208(7)
Mn-X2 2.3709(5) 2.5256(6)
Interactions
C15-H15c...X1a 3.479(2) 3.588(4)
C15-H15a...X2b 3.634(2) 3.752(3)
C5-H5...X2c 3.580(2) 3.787(4)
pi − pi 3.49 3.52
† Symmetry operations: a: -x+1, -y, -z+1, b: -x, -y, -z+1, c: -x+1, -y+1, -z+1.
3.4.2 Synthesis and structure of [Mn(MBBP)(Br)(MeOH)2][Br]
When carried out in methanol, the reaction of MnBr2 · 4H2O with MBBP forms yellow
crystals of [Mn(MBBP)(Br)(MeOH)2][Br] after slow evaporation, thus introducing a solvent
with the hydrogen bonding capability. The structure (Figure 3.9a) contains an Mn(II) centre
in a octahedral geometry consisting of one tridentate MBBP ligand, one equatorial bromide
ligand and two axial methanol ligands (Selected bond lengths are in Table 3.4). A second
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(a) (b)
(c)
Figure 3.8: The structure of Mn(MBBP)Br2 a) The molecular structure. b) The extended
hydrogen bonding network (red) and pi− pi interactions (grey) creating a 2D sheet structure.
c) The packing of adjacent sheets of Mn(MBBP)Br2 showing a poor alignment of the MBBP
ligands between sheets. Inset: A top view of the 2D sheets. Atom colours: Grey: C; White:
H; Blue: N; Brown: Br; Lavender: Mn.
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bromide (Br2) does not bind directly to the Mn but bridges two metal centres through
hydrogen bonding interactions to methanol, O1-H1a...Br2 and O2-H2a...Br2. Further pi-pi
interactions between adjacent complexes hold MBBP ligands planar to one another and
extend the structure into three dimensions (Figure 3.9b and c, Table 3.4). In this case
the removal of the hydrogen bonding functionality of the NH groups is mitigated by the
inclusion of methanol solvent molecules, which bind to the metal complex and then act as
hydrogen bond donors to form networks, resulting in a structure with good alignment (i.e.
a 6.8◦ angle between MBBP ligands on adjacent complexes, Figure 3.9c). Once again, the
parallel alignment of ligands should lead to a high ∆n.
Table 3.4: Selected bond lengths for [Mn(MBBP)(Br)(MeOH)2][Br] (in Å)
Bond [Mn(MBBP)(Br)(MeOH)2][Br]
Mn-N1 2.242(2)
Mn-N2 2.294(2)
Mn-N3 2.235(2)
Mn-Br1 2.550(1)
Mn-O1 2.191(3)
Mn-O2 2.219(3)
Interactions
O1-H1a...Br2a 3.2498(17)
O2-H2a...Br2 3.2140(19)
pi − pi 3.39
† Symmetry operations: a: x, -y+1, z-1/2.
3.4.3 Synthesis and structure of Mn(BBTP)X2 (X = Cl, Br)
Substituting the imidazole groups on BBP for thiazole, to give 2,6-bis(benzathiazole)pyridine
(BBTP), provides another route to suppress the hydrogen bonding donor ability of the
original BBP framework. The synthesis of BBTP is the same as for BBP except with
2-aminobenzenethiol substituted for 1,2-aminobenzene (Scheme 3.2).133
Crystals of Mn(BBTP)X2 (X = Cl, Br) are isostructural, where the bromide analogue was
synthesized via the slow evaporation of a chloroform/methanol solution of MnBr2 ·4H2O and
BBTP resulting in pale yellow crystals of Mn(BBTP)Br2, whereas the chloride analogue was
synthesized using solvothermal conditions with acetonitrile. The structure is similar to that
of Mn(MBBP)X2 (X = Cl, Br) with a distorted square pyramidal geometry and no solvent
molecules incorporated (Figure 3.10a, selected bond lengths can be found in Table 3.5).
However, in this case the molecules form dimers through halogen-sulphur interactions, which
then pack into 2D sheets via pi − pi interactions (Figure 3.10b, Table 3.5). As with many
of the previous examples, there are no strong interactions between adjacent 2D sheets,
creating an angle of 68.3◦ (X=Cl) and 65.6 ◦ (X=Br) between BBTP units in adjacent
sheets (Figure 3.10c).
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(a)
(b)
(c)
Figure 3.9: a) The coordination geometry of [Mn(MBBP)(Br)(MeOH)2][Br]. b) The ex-
tended hydrogen bonding packing and pi − pi interactions of [Mn(MBBP)(Br)(MeOH)2][Br]
into 2D sheets, hydrogen bonds shown in red, pi−pi interactions shown in grey. c) The packing
of adjacent 2D sheets of Mn(BBP)Br2(MeOH) showing interdigitating sheets allowing for
pi − pi interactions and alignment of BBP planes. Atom colours: Grey: C; White: H; Blue:
N; Red: O; Brown: Br; Lavender: Mn.
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(a)
(b)
(c)
Figure 3.10: a) The asymmetric unit of Mn(BBTP)Br2. b) The extended packing of
Mn(BBTP)Br2; sulfur-bromine interactions shown in red; pi − pi interactions shown in grey.
c) The packing of adjacent 2D sheets of Mn(BBTP)Br2 showing a poor alignment of the
MBBP ligands between sheets. Inset: A top view of the 2D sheets. Atom colours: Grey: C;
White: H; Blue: N; Red: O; Yelow: S; Brown: Br; Lavender: Mn.
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Scheme 3.2: The synthesis of 2,6-bis(benzathiazole)pyridine.
Table 3.5: Selected bond lengths for Mn(MBBP)X2 (X = Cl, Br)(in Å)
Bond Mn(BBTP)Cl2 Mn(BBTP)Br2
Mn-N1 2.317(1) 2.320(3)
Mn-N2 2.236(1) 2.221(3)
Mn-N3 2.317(1) 2.313(3)
Mn-X1 2.3429(5) 2.5005(7)
Mn-X2 2.3580(5) 2.4888(7)
Interactions
S2...X2∗a 3.45, 3.46 3.53, 3.47
∗sum of van der Waals radii: Cl-S 3.6 Å; Br-S 3.7 Å.136. † Symmetry operations: a: -x, 1-y, 1-z.
To help summarise this section, the angular deviation from co-planarity between ligands
for all compounds (including those from Chapter 2) have been included in Table 3.6.
Switching from MeOH to EtOH results in crystals that are isostructural to Mn(BBP)Br2-
(MeOH) and thus have similar deviation angles. Changing to a hydrogen bonding acceptor
only solvent such as DMF or MeCN not only decreases the ability of the solvent to create
extended network but also acts as a capping motif on the BBP NH group, reducing its ability
to form extended networks. The structures show a greater deviation (as high as 70.5◦) due to
the absence of significant interactions between well aligned columnar structures. The example
of Mn(BBP)Br2·DMF provides the exception where favourable packing arrangements result
in a well aligned structure. Covalent removal of the hydrogen bonding groups on BBP by
using MBBP and BBTP resulted in similar structures, which also do not contain solvent
molecules, and that are poorly aligned. Incorporation of MeOH with MBBP provides the
interactions to form an extended network again, resulting in a well aligned structure.
A deviation from co-planarity results in a more isotropic overall structure and therefore
crystals of these materials should have lower birefringence values than those with lower
deviation angles (assuming the ideal crystal face is available).
3.5 Birefringence
The impact of the supramolecular alignment of the anisotropic ligands on the physical
properties can be demonstrated in the measuring of birefringence (∆n) values. However, due
to the poor optical quality of most of the crystals (some desolvate within the time needed to
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Table 3.6: Summary of the angles (in ◦) between ligands and birefringence values in
Mn(BBP)(EtOH)X2 (X = Cl, Br), Mn(BBP)Br2(MeOH), Mn(BBP)Cl2(MeOH)·MeOH,
Mn(BBP)Cl2·DMF, Mn(BBP)Br2·DMF, Mn(MBBP)X2 (X = Cl, Br), [Mn(MBBP)(Br)-
(MeOH)2][Br] and Mn(BBTP)X2 (X = Cl, Br)
Compound Angle between the ligands ∆n
Mn(BBP)(EtOH)Br2 39.2 0.513(4)
Mn(BBP)(EtOH)Cl2 44.2 n.d.
Mn(BBP)Br2(MeOH) 38.6 0.538(3)
Mn(BBP)Cl2(MeOH)·MeOH 30.4 0.69(2)
Mn(BBP)Cl2·DMF 70.5 0.229(10)
Mn(BBP)Br2·DMF 0.0 n.d.
Mn(BBP)Br2·MeCN 51.6 n.d.
Mn(MBBP)Br2 67.1 0.23(3)
Mn(MBBP)Cl2 64.6 n.d.
[Mn(MBBP)(Br)(MeOH)2][Br] 6.8 n.d.
Mn(BBTP)Br2 65.6 n.d.
Mn(BBTP)Cl2 68.3 n.d.
conduct the measurement; others do not have sufficient optical clarity), measurements could
only obtained for Mn(BBP)Cl2·DMF, Mn(MBBP)Br2 and Mn(BBP)(EtOH)Br2.
3.5.1 Birefringence of Mn(BBP)(EtOH)Br2
Crystals of Mn(BBP)(EtOH)Br2 grow perpendicular to the (011) face, which defines the
direction of measurable birefringence. The ∆n of this face was determined to be 0.513(4). A
view of the (011) face (Figure 3.11) shows the same face as the one used to measure the
birefringence of the MeOH analogue (Mn(BBP)Br2(MeOH)), with a high polarizability along
the n′ direction and a lower polarizability along the n′′ direction. As such, it is consistent
with the similar and high previously reported value of ∆n = 0.538(3) for Mn(BBP)Br2-
(MeOH).131 Slight differences in the ∆n values between theses two systems can be attributed
to the small differences in the angle between the planes of the BBP units (39.2◦ (EtOH) vs
38.6◦ (MeOH)) and the inclusion of EtOH vs MeOH in the axial position of the complex.
3.5.2 Birefringence of Mn(BBP)Cl2·DMF
Crystals of Mn(BBP)Cl2·DMF grow perpendicular to the (101¯) face and the measured
birefringence of this face is ∆n = 0.229(10). A view of the (101¯) face (Figure 3.12) shows
the poor orientational assembly of the BBP units (70.5 ◦angle between BBP ligand planes),
which is much larger than the ethanol containing case above (39.2◦), leading to a greater
cancellation of the polarizability anisotropy of the BBP units. This results in a more isotropic
structure and is consistent with the much lower birefringence value, as predicted.
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Figure 3.11: A view of the (011) face of Mn(BBP)(EtOH)Br2. Only the BBP units are
shown for clarity. Atom colours: Grey: C; Blue: N.
Figure 3.12: A view of the (101¯) face of Mn(BBP)Cl2·DMF. Only the BBP units are shown
for clarity. Atom colours: Grey: C; Blue: N.
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3.5.3 Birefringence of Mn(MBBP)Br2
Crystals of Mn(MBBP)Br2 also grow perpendicular to the (101¯) face and the birefringence
of this face is ∆n = 0.23(3). As the structure contains MBBP units with a 67.1◦ angle
between them (Figure 3.8c) this leads substantial to cancellation of the polarizability
anisotropy of the MBBP units, as was observed for Mn(BBP)Cl2·DMF. A view of the (101¯)
face (Figure 3.13) shows the majority of the faces of the MBBP units leading to a low
polarizability anisotropy in the plane of the page and a consequently lower birefringence
value compared to Mn(BBP)(EtOH)Br2.
Figure 3.13: A view of the (101¯) face of Mn(MBBP)Br2. Atom colours: Grey: C; Blue: N;
Brown: Br; Lavender: Mn.
Unfortunately, measurements of the compounds showing the best alignment of ligands
(Mn(BBP)Br2·DMF and [Mn(MBBP)(Br)(MeOH)2][Br]) were unsuccessful but are expected
to yield higher values.
3.6 Conclusion and future work
A series of Mn(II) halide complexes have been synthesized with BBP, MBBP and BBTP
ligands and their crystal structures analysed for the degree of planar packing of the anisotropic
ligands. The removal of NH groups from BBP via methylations and conversion to thiazole
reduced the number of strong interactions between complexes, leading to a diminished
tendency for supramolecular alignment of the anisotropic ligands. The exchange of hydrogen
bonding donor and acceptor solvents for solvents only capable of accepting hydrogen bonds
not only decreased the participation of the solvent in the hydrogen bonding networks but
also reduced the effectiveness of the BBP to form supramolecular networks through the
76
capping of NH groups. The effect of poorly aligned structures leads to lower ∆n values of
0.229(10) and 0.23(3) for Mn(BBP)Cl2·DMF and Mn(MBBP)Br2 respectively. Compounds
Mn(BBP)(EtOH)X2 (X = Cl, Br) were found to be isostructural to the previously synthesised
Mn(BBP)Br2(MeOH), which has good stacking of BBP units, leading to a similar, high ∆n
value of 0.538(3) for Mn(BBP)(EtOH)Br2.
With these findings in mind, further studies investigating the use of weak interactions
to aid in the ligand alignment can be explored. The ease of synthesis of BBP and BBP
derivatives allows for the incorporation of additional functional groups capable of non-covalent
interactions, such as OH groups in the 4-position of the central pyridine ring (Figure 3.14a),137
allowing for increased hydrogen bonding interactions. The synthesis of fluoro-substituted
BBP derivatives would lead to electron deficient aromatic rings (Figure 3.14b), which, if
included with substituted BBP, would lead to more favourable pi − pi interactions between
the two derivatives (similar to that of benzene and hexafluorobenzene)138,139 and a good
alignment of BBP cores.
(a) (b)
Figure 3.14: Potential ligands to investigate: a) 2,6-Bis(benzimidazole)-4-hydroxypyridine b)
2,6-bis(5,6-difluoro-benzimidazole)pyridine
3.7 Experimental
3.7.1 General Procedures and materials.
General procedures can be found in Chapter 2 except as outlined below. All reactions were
conducted in air. All reagents were obtained from commercial sources and used as received, ex-
cept for 2,6-bis(benzimidazole)pyridine (BBP),108 2,6-bis(N-methyl-benzimidazole)pyridine
(MBBP)110 and 2,6-bis(benzathiazole)pyridine (BBTP),133 which were synthesized via
literature procedures.
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3.7.2 Synthesis of 2,6-bis(N-methyl-benzimidazole)pyridine
Synthesized according to literature procedures.110 Yield: 84 %. 1H NMR (500 MHz, CDCl3)
δ 8.45 (d, J = 7.9 Hz, 2H), 8.08 (t, J = 7.9 Hz, 1H), 7.89 (d, J = 7.1, 2H), 7.49 (d, J = 7.5,
2H), 7.39 (m, 4H), 4.26 (s, 6H).
3.7.3 Synthesis of 2,6-bis(benzathiazole)pyridine
Synthesized according to literature procedures.133 Yield: 57 %. 1H NMR (500 MHz, CDCl3)
δ 8.45 (d, J = 7.8 Hz, 2H), 8.12 (d, J = 8.1 Hz, 2H), 8.02 (m, 3H), 7.53 (m, 2H), 7.45 (m,
2H).
3.7.4 Synthesis of Mn(BBP)(EtOH)Cl2
An ethanol solution (10 mL) of BBP (31 mg, 0.1 mmol) was added to an ethanol solution
(10 mL) of MnCl2 · 4H2O (20 mg, 0.1 mmol), resulting in a pale yellow solution. Pale yellow
crystals of Mn(BBP)(EtOH)Cl2 were formed after 1 day of slow evaporation. Yield 25 mg
(52 %). Anal. Calcd. for C21H19N5Cl2MnO: C 52.19 %; H 3.96 %; N 14.49 %. Found: C
52.38 %; H 4.09 %; N 14.63 %. IR (ATR, cm−1) 3352 br, 3235 br, 3092 br, 2970 m, 2930 br,
2896 br, 1608 m, 1582 m, 1494 m, 1475 m, 1461 s, 1450 s, 1400 w, 1317 s, 1302 m, 1252 w,
1238 w, 1188 vw, 1149 m, 1115 w, 1083 w, 1041 m, 1014 w, 995 m, 970 w, 930 vw, 906 vw,
873 w, 848 w, 814 m, 770 ms, 744 vs. Raman (785 nm, a: 1, %lp: 100, cm−1) 3070 vwbr,
1629 m, 1608 s, 1582 m, 1550 m, 1535 s, 1489 w, 1448 s, 1294 m, 1266 s, 1148 m, 1013 s,
1006 m, 970 m, 806 w, 666 vw, 627 vw, 581 vw, 528 vw, 331 vw, 205 w, 145 w.
3.7.5 Synthesis of Mn(BBP)(EtOH)Br2
An ethanol solution (10 mL) of BBP (31 mg, 0.1 mmol) was added to an ethanol solution
(10 mL) of MnBr2 · 4H2O (29 mg, 0.1 mmol), resulting in a pale yellow solution. Pale yellow
crystals of Mn(BBP)(EtOH)Br2 were formed after 1 week of slow evaporation. Yield 19 mg
(33 %). Anal. Calcd. for C21H19N5Br2MnO: C 44.08 %; H 3.35 %; N 12.24 %. Found: C
43.73 %; H 3.47 %; N 12.34 %. IR (ATR, cm−1) 3363 br, 3238 br, 3108 br, 2983 m, 2923 w,
2886 w, 1608 m, 1582 m, 1493 m, 1474 m, 1460 s, 1446 s, 1426 m, 1398 m, 1315 s, 1301 m,
1249 w, 1237 w, 1150 m, 1115 w, 1091 w, 1041 m, 1013 w, 994 m, 971 w, 927 vw, 907 vw,
877 w, 847 w, 812 ms, 771 s, 740 vs, 714 w. Raman (785 nm, a: 1, %lp: 100, cm−1) 3065
vwbr, 1628 m, 1607 ms, 1591 m, 1582 m, 1576 m, 1548 m, 1532 s, 1488 m,1447 s, 1427 m,
1293 m, 1262 ms, 1448 m, 1118 w, 1013 s, 1005 ms, 971 m, 804 m, 744 w, 665 w, 629 w, 583
vw, 456 vw, 427 vw, 330 vw, 219 vw, 200 s, 134 s, 118 m.
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3.7.6 Synthesis of Mn(BBP)Br2·DMF
Method 1: A DMF solution (5 mL) of BBP (31 mg, 0.1 mmol) was added to a DMF solution
(5 mL) of MnBr2 · 4H2O (29 mg, 0.1 mmol), resulting in a pale yellow solution. Pale yellow
crystals of Mn(BBP)Br2·DMF were formed after 5 days of slow evaporation. Yield 29 mg
(48 %). Method 2: A DMF solution (0.5 mL) of BBP (31 mg, 0.1 mmol) was added to
a DMF solution (0.5 mL) of MnBr2 · 4H2O (29 mg, 0.1 mmol), resulting in a pale yellow
solution. Ether was then vapour diffused into the solution, resulting in pale yellow crystals
of Mn(BBP)Br2·DMF, which were collected and washed with DMF. Yield 27 mg (45 %)
Crystals desolvate over the period of several days at room temperature. Anal. Calcd. for
C19H13N5Br2Mn (Mn(BBP)Br2) : C 43.38 %; H 2.49 %; N 13.31 %. Found: C 43.38 %; H
2.82 %; N 13.56 %. IR (ATR, cm−1) 3071 br, 3045 br, 2980 br, 2916 br, 2762 br, 1700 m,
1657 ms, 1650 s, 1640 vs, 1625 ms, 1605 m, 1591 m, 1571 m, 1494 m, 1461 s, 1446 m, 1428
m, 1380 m, 1318 m, 1299 w, 1269 vw, 1237 w, 1195 vw, 1151 w, 1104 w, 1054 vw, 1015 w,
994 m, 971 w, 933 vw, 906 vw, 847 w, 820 w, 749 vs, 725 w. Raman (785 nm, a: 1, %lp: 10,
cm−1) 1628 w, 1605 m, 1592 m, 1576 m, 1570 m, 1549 m, 1532 ms, 1495 w, 1486 m, 1475 w,
1456 w, 1443 ms, 1426 m, 1303 w, 1293 m, 1269 m, 1253 s, 1150 m, 1146 m, 1010 s, 1001
ms, 971 m, 805 w, 663 w, 432 vw, 334 vw, 316 vw, 234 vw, 221 w, 195 m, 112 ms.
3.7.7 Synthesis of Mn(BBP)Br2·MeCN
MnCl2 ·4H2O (20 mg, 0.1 mmol) and BBP (31 mg, 0.1 mmol) were added to a 5 mL ampoule
with 3 mL acetonitrile, which was then sealed under reduced pressure and heated to 125
◦C for 12 hours before cooling to room temperature slowly over 60 hours. The resulting
solution was filtered and washed with acetonitrile to give pale yellow plate crystals. Yield
33 mg (58 %). Anal. Calcd. for C21H16N6Br2Mn: C 44.47 %; H 2.84 %; N 14.82 %. Found:
C 44.47 %; H 2.87 %; N 14.47 %. IR (ATR, cm−1) 3369 br, 3133 br, 2262 w, 1621 w, 1606
m, 1588 m, 1572 w, 1494 m, 1461 s, 1450 ms, 1425 m, 1316 ms, 1302 m, 1235 w, 1185 vw,
1148 w, 1108 vw, 1084 vw, 1014 w, 995 m, 971 w, 937 vw, 903 w, 848 m, 819 m, 804 w, 764
m, 748 vs, 740 vs. Raman (785 nm, a: 1, %lp: 50, cm−1) 1626 m, 1606 m, 1594 m, 1574 m,
1546 m, 1530 ms, 1488 m, 1472 vw, 1445 s, 1423 m, 1370 vw, 1320 m, 1292 m, 1260 m, 1253
ms, 1150 m, 1119 w, 1013 ms, 972 m, 905 vw, 846 vw, 804 w, 745 vw, 665 vw, 629 w, 580
vw, 564 vw, 526 vw, 333 vw, 287 vw, 215 w, 197 w, 133 wbr.
3.7.8 Mn(MBBP)Br2
An acetonitrile solution (10 mL) of MBBP (34 mg, 0.1 mmol) was layered on top of a THF
solution (10 mL) of MnBr2 ·4H2O (29 mg, 0.1 mmol) and left for 3 days. Pale yellow crystals
of Mn(MBBP)Br2 formed at the interface between the two solvents. Yield 28 mg (50 %)
Anal. Calcd. for C21H17N5Br2Mn: C 45.52 %; H 3.09 %; N 12.64 %. Found: C 45.44 %; H
3.10 %; N 12.35 %. IR (ATR, cm−1) 3057 br, 1599 m, 1579 m, 1510 m, 1485 s, 1478 vs,
79
1412 m, 1386 m, 1350 m, 1334 ms, 1305 w, 1279 vw, 1252 vw, 1209 vw, 1182 w, 1149 w,
1129 w, 1102 w, 1081 w, 1011 m, 940 vw, 922 m, 863 m, 809 ms, 766 s, 758 s, 750 s, 733 m.
Raman (785 nm, a: 1, %lp: 5, cm−1) 1613 m, 1598 m, 1586 m, 1578 m, 1522 ms, 1505 m,
1473 s, 1444 s, 1427 m, 1350 m, 1300 ms, 1267 vw, 1214 vw, 1130 m, 1107 m, 1014 vs, 922
vw, 743 m, 660 m, 604 w, 548 m, 208 m, 124 m.
3.7.9 Mn(MBBP)Cl2
A methanol solution (5 mL) of MBBP (34 mg, 0.1 mmol) was layered on top of a methanol
solution (5 mL) of MnCl2 · 4H2O (20 mg, 0.1 mmol) with a 10 mL methanol spacer in
between. After 1 day pale yellow crystals of Mn(MBBP)Cl2 were collected via filtration.
Yield 21 mg (45 %) Anal. Calcd. for C21H17N5Cl2Mn: C 54.21 %; H 3.68 %; N 15.05 %.
Found: C 54.22 %; H 3.68 %; N 15.47 %. IR (ATR, cm−1) 3058 wbr, 1600 m, 1578 m, 1511
m, 1486 m, 1475 vs, 1422 m, 1407 m, 1387 m, 1351 m, 1335 m, 1307 w, 1279 vw, 1269 vw,
1256 vw, 1212 vw, 1185 w, 1159 w, 1130 w, 1100 w, 1082 w, 1014 m, 921 m, 866 m, 809 ms,
771 s, 750 s, 728 m. Raman (785 nm, a: 1, %lp: 5, cm−1) 1618 w, 1600 m, 1588 m, 1577 w,
1520 m, 1504 m, 1473 m, 1448 m, 1421 w, 1351 m, 1304 m, 1271 vw, 1131 w, 1109 w, 1100
w, 1013 s, 921 vw, 742 w, 549 w, 133 vw, 109 w.
3.7.10 Synthesis of [Mn(MBBP)(Br)(MeOH)2][Br]
A methanol solution (10 mL) of MBBP (34 mg, 0.1 mmol) was added to a methanol solution
(5 mL) of MnBr2 · 4H2O (29 mg, 0.1 mmol) resulting in a pale yellow solution. Pale yellow
crystals of [Mn(MBBP)(Br)(MeOH)2][Br] were formed after 1 hour. Crystals desolvate
rapidly to give Mn(MBBP)Br2. Yield 10 mg (18 %). Anal. Calcd. for C21H17N5Br2Mn
(Mn(MBBP)Br2): C 45.52 %; H 3.09 %; N 12.64 %. Found: C 45.52 %; H 3.27 %; N 12.46
%. IR (ATR, cm−1) 3118 vw, 3057 vw, 3021 vw, 1598 m, 1571 w, 1478 vs, 1469 s, 1410 m,
1386 w, 1352 w, 1334 m, 1306 vw, 1266 vw, 1209 vw, 1183 w, 1155 w, 1128 w, 1101 w, 1083
w, 923 w, 870 w, 810 m, 757 s, 748 vs. Raman (785 nm, a: 1, %lp: 10, cm−1) 1610 w, 1597
m, 1576 m, 1518 m, 1506 m, 1473 m, 1444 s, 1425 w, 1351 m, 1301 m, 1269 vw, 1229 vw,
1132 m, 1112 m, 1100 m, 1011 s, 921 vw, 743 w, 658 vw, 548 vw, 338 vw, 211 vw, 194 vw,
104 wbr.
3.7.11 Synthesis of Mn(BBTP)Br2
A chloroform solution (10 mL) of BBTP (35 mg, 0.1 mmol) was added to a chloro-
form/methanol mixture (4:1, 5 mL) of MnCl2 · 4H2O (20 mg, 0.1 mmol), resulting in
a pale yellow solution. Pale yellow crystals of Mn(BBTP)Br2 were formed after 5 mins.
Yield 43 mg (77 %). Anal. Calcd. for C19H11N3Br2MnS2: C 40.74 %; H 1.98 %; N 7.50 %.
Found: C 40.54 %; H 1.60 %; N 7.22 %. IR (ATR, cm−1) 3065 wbr, 1616 w, 1604 w, 1585
w, 1575 w, 1557 m, 1538 w, 1520 w, 1500 vs, 1477 w, 1456 w, 1440 w, 1428 m, 1323 ms,
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1278 m, 1253 m, 1242 ms, 1179 s, 1156 m, 1140 s, 1089 m, 1013 m, 955 w, 888 m, 869 m,
799 m, 779 vs, 768 s, 732 m, 725 m. Raman (785 nm, a: 1, %lp: 10, cm−1) 3057 w, 1603 m,
1573 m, 1556 m, 1502 s, 1474 vs, 1456 w, 1440 m, 1429 s, 1321 m, 1277 s, 1250 ms, 1130 m,
1076 m, 1059 w, 1015 s, 857 w, 737 m, 707 w, 684 w, 657 m, 591 w, 509 m, 414 w, 314 w,
215 m, 196 m, 130 m, 108 m.
3.7.12 Synthesis of Mn(BBTP)Cl2
MnCl2 · 4H2O (20 mg, 0.1 mmol) and BBTP (35 mg, 0.1 mmol) were added to a 5 mL
ampoule with 3 mL acetonitrile, which was then sealed under reduced pressure and heated to
125 ◦C for 12 hours before cooling slowly to room temperature over 55 hours. The resulting
solution was filtered and washed with acetonitrile to give pale yellow plate crystals. Yield 12
mg (25 %). Anal. Calcd. for C19H11N3Cl2MnS2: C 48.42 %; H 2.35 %; N 8.92 %; S 13.61
%. Found: C 48.26 %; H 2.38 %; N 8.93 %; S 13.23 %. IR (ATR, cm−1) 3067 vw, 1604 w,
1586 w, 1574 w, 1556 m, 1538 w, 1501 vs, 1477 w, 1456 vw, 1429 m, 1323 m, 1278 w, 1243
s, 1179 vs, 1140 s, 1090 w, 1012 m, 888 m, 798 m, 782 vs, 770 vs, 734 m, 724 m, 716 m.
Raman (785 nm, a: 1, %lp: 50, cm−1) 1603 m, 1586 m, 1556 w, 1501 m, 1475 s, 1440 m,
1429 s, 1418 m, 1309 vw, 1277 m, 1251 m, 1130 w, 1075 w, 1014 s, 857 vw, 737 w, 706 vw,
685 w, 510 vw, 414 w, 314 w, 189 w.
3.7.13 Measurement of birefringence.
Birefringence measurements were performed as per the method outlined in Section 2.4.8.
All of the crystals measured had plate or needle plate morphology with average dimensions
of 350 µm x 100 µm x 17 µm, 100 µm x 70 µm x 18 µm and 150 µm x 40 µm x 20 µm for
Mn(MBBP)Br2, Mn(BBP)(EtOH)Br2 and Mn(BBP)Cl2·DMF respectively.
3.7.14 Single crystal X-ray diffraction.
The data for all compounds was collected, processed and presented according to the details
in Section 2.4.9. All data was collected at room temperature except for Mn(BBP)Br2·DMF
and Mn(BBP)(EtOH)Cl2, which were collected under a N2 stream at 150 K. Additional crys-
tallographic information can be found in Tables 3.7 and 3.8 and in the cif file accompanying
the electronic version of this thesis.
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Chapter 4
Birefringent, emissive coordination
polymers incorporating
2,6-bis(benzimidazole)pyridine as
an anisotropic building block
84
4.1 Introduction1
The previous chapters have focused on the incorporation of BBP into materials toward the
synthesis of highly birefringent materials, leading to the elucidation of the factors affecting
birefringence, such as ligand alignment and crystal growth direction. This chapter targets
the potential of using coordination polymer methodologies to create multi-property materials
through the judicious choice of metal ion, capping ligands and bridging building blocks.
The effect of birefringence on emission properties has been studied, particularly for liquid
crystal (LC) systems; however, research has mainly investigated the effect on the emission
intensity as a function of viewing angle.140,141 Other studies include the examination of
borate crystals of the form XBaB9O19, where the birefringence and luminescence were
characterised separately but no study of the effect of the birefringence on the emission was
undertaken.142,143 No studies have been undertaken on materials with ∆n values greater
than 0.4. It has been shown that incorporating well aligned BBP units into a material can
lead to highly birefringent crystals, therefore if an emissive and highly birefringent material
could be synthesized, the effect of the birefringence on the emission polarisation could be
probed.
Polarised emission has been studied in a wide range of systems towards materials
applications, such as next generation LCDs (Liquid Crystal Displays)18 and as chiral
probes in bio-analytical applications.144,145 Many lanthanide (Ln) complexes containing
chiral ligands have been found to exhibit circularly polarised luminescence (CPL),146–148
whilst small organic molecules, oriented polymers and liquid crystals have also shown CPL
(although with a lesser efficiency).149–152 Most of these studies concentrated on the CPL of
solutions, but some have also characterised the effect in the solid state.153–159 Studies have
also targeted linearly polarised luminescence (LPL) with many organic systems160–162 as well
as CdSe quantum rods163 displaying LPL through the alignment of emitting chromophores.
Polarised emission has also been found in nature where the polarised bio-luminescence in
firefly larva was attributed to LPL followed by interaction with a birefringent medium to
create CPL.164
Lanthanide ions are often found to have emissive properties with Pr, Sm, Eu, Tb, Dy
and Ho often exhibiting emission bands in the visible region.165–167 Many of the systems
incorporating these metal ions also contain ligands which act as sensitisers (absorbing light
which is transferred to the metal ion), resulting in highly emissive compounds.165,168–170
Lanthanide ions have also been used in coordination polymer materials81,84 towards ap-
plications in small molecule and ion sensing,83 light emitting diodes171 and information
storage.172 In addition, it has been previously shown that BBP-Ln complexes can be highly
1Parts of this chapter were reproduced with permission from J. R. Thompson, R. J. Roberts, V. E. Williams,
D. B. Leznoff, ”Birefringent, emissive coordination polymers incorporating bis(benzimidazole)pyridine as
an anisotropic building block”CrystEngComm, vol. 15, pp. 9387–93, 2013 (copyright 2013 Royal Society of
Chemistry)
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emissive.173,174 Therefore by including this unit in a coordination polymer, a multifunctional
material - one that is both emissive and potentially highly birefringent - could be achieved.
Coordination polymers incorporating lanthanide ions and [Au(CN)2]– linkers have been
previously reported by others175–177 and the Leznoff group.178–180 Incorporating [Au(CN)2]–
unit as a linker provides another potentially emissive component that can form aurophilic
interactions (that can emit) or have emission through Au MLCT.181–184 Thus, coordination
polymers incorporating BBP as a capping ligand with [Au(CN)2]– units as linear linkers
were targeted and are reported in this chapter.
Table 4.1: Selected bond lengths for Ln(BBP)2[Au(CN)2]3·2 (CH3CN) (Ln= Eu, Gd) (in Å)
Bond Ln = Eu Bond Ln = Gd
Eu1-N1 2.575(7) Gd1-N1 2.605(6)
Eu1-N3 2.587(6) Gd1-N3 2.630(6)
Eu1-N4 2.596(7) Gd1-N4 2.575(5)
Eu1-N6 2.611(7) Gd1-N6 2.597(6)
Eu1-N8 2.633(7) Gd1-N8 2.584(5)
Eu1-N9 2.590(7) Gd1-N9 2.572(5)
Eu1-N11 2.510(8) Gd1-N11 2.522(6)
Eu1-N13 2.528(8) Gd1-N13 2.520(6)
Eu1-N16 2.520(8) Gd1-N15 2.497(6)
Interaction Ln = Eu Interaction Ln = Gd
N2-H22...N17 3.19(2) N2-H2...N12e 2.867(10)
N7-H7...N15a 2.866(13) N5-H5A...N14f 2.880(9)
N5-H5..N12b 2.836(11) N7-H7...N16b 2.848(9)
N10-H10A...N14c 2.883(12) N10-H10A...N17g 3.209(16)
Au1...Au2*d 3.1612(6) Au2...Au3h 3.1538(5)
† Symmetry operations: a: x+1/2, -y+3/2, -z+1, b: x-1, y, z, c: -x+1/2, -y+2, z+1/2, d:
1/2+x, 3/2-y, -z, e: x+1/2, -y+3/2, -z, f : -x+1/2, -y+1, z-1/2, g: x-1/2, -y+3/2, -z+1, h:
-1/2+x, 3/2-y, 1-z. *Typical aurophilic interactions are between 2.5 and 3.8 Å.185
4.2 Lanthanide/BBP coordination polymers
All of the coordination polymers in this chapter were synthesized via solvothermal synthesis
by combining the appropriate Ln(III) salt, BBP and potassium dicyanoaurate in a sealed 5
mL ampoule with acetonitrile, heating to 130 ◦C followed by cooling over 60 hours to 25 ◦C.
4.2.1 Structure of Ln(BBP)2[Au(CN)2]3·2 (CH3CN) (Ln = Eu, Gd)
Starting with lanthanide triflates (i.e., a salt with a weakly-coordinating anion) the triflate-
free materials Ln(BBP)2[Au(CN)2]3·2 (CH3CN) (Ln=Eu and Gd) are obtained. By using Eu
and Gd (an example of an emissive and non-emissive Ln, respectively), the emission origins
can be more easily studied. The structure crystallises in the chiral space group P212121 and
86
reveals a nine-coordinate Ln(III) centre consisting of two tridentate BBP ligands and three
cyanide ligands from [Au(CN)2]– units (Figure 4.1a, selected bond lengths can be found
in Table 4.1). The two BBP ligands bound to each Ln(III) are not coplanar; they have a
49.81◦ angle between them (Figure 4.1b). This deviation from planarity decreases the overall
polarizability anisotropy of the structure due to the partial cancellation of the anisotropy of
each ligand.
(a) (b)
Figure 4.1: a) The coordination environment of Ln(BBP)2[Au(CN)2]3·2 (CH3CN). Only one
complete BBP is shown and MeCN solvates are omitted for clarity. The other BBP contains
N-donors N6, N8 and N9. b) The angle between the two BBP ligands bound to each Ln(III)
centre. Atom Colours: Pink: Ln, Gold: Au, Blue: N, Gray: C.
The extended structure of Ln(BBP)2[Au(CN)2]3·2 (CH3CN) consists of a 1D helical chain
through short aurophilic interactions between dangling [Au(CN)2]– units (see Table 4.1)
connected to each Ln centre, accounting for the chirality in the structure (Figure 4.2). Each
unbound cyanide moiety of the [Au(CN)2]– units (N12, N14 and N15) also hydrogen bonds to
the NH functional groups of the BBP ligands on a neighboring Ln centre (N5′H52′, N10′H102′
and N7′H72′ respectively), creating a complex hydrogen bonding network (Figure 4.3). The
remaining benzimidazole group containing N2H22 hydrogen bonds to a lattice acetonitrile;
an additional CH3CN sits isolated in the lattice.
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Figure 4.2: A 1D chain of aurophilic interactions in Ln(BBP)2[Au(CN)2]3·2 (CH3CN). BBP
ligands and MeCN solvates are omitted for clarity. Inset: The chain forms a helical structure.
Atom colours: Pink: Ln, Gold: Au, Blue: N, Gray: C.
Table 4.2: Selected bond lengths for Ln(BBP)(NO3)2[Au(CN)2]·(CH3CN) (Ln= Eu, Gd,
Tb) (in Å)
Bond Ln = Eu Bond Ln = Gd Bond Ln = Tb
Eu1-O1 2.495(3) Tb1-O1 2.464(5) Gd1-O1 2.477(2)
Eu1-O2 2.444(4) Tb1-O2 2.409(5) Gd1-O2 2.486(2)
Eu1-O4 2.492(3) Tb1-O4 2.469(4) Gd1-O4 2.429(3)
Eu1-O5 2.488(4) Tb1-O6 2.468(5) Gd1-O5 2.483(2)
Eu1-N1 2.493(3) Tb1-N1 2.499(5) Gd1-N1 2.483(3)
Eu1-N3 2.582(3) Tb1-N3 2.547(6) Gd1-N3 2.567(3)
Eu1-N4 2.528(3) Tb1-N4 2.479(5) Gd1-N4 2.506(3)
Eu1-N6 2.538(3) Tb1-N6 2.508(6) Gd1-N6 2.486(3)
Eu1-N7 2.492(4) Tb1-N7 2.465(6) Gd1-N7 2.524(3)
Interaction Ln = Eu Interaction Ln = Gd Interaction Ln= Tb
N5-H52...N10a 2.885(7) N5-H52...N10c 2.879(6) N5H5-N8e 2.891(10)
N2-H22...O4b 2.854(5) N2-H22...O5d 2.851(4) N2-H2...O4f 2.863(7)
† Symmetry operations: a: -x+2, -y+1, -z+1, b: -x+1, -y+1, -z+1, c: -x+2, -y+1, -z, d:
-x+1, -y+1, -z, e: -x, -y+1, -z+2, f : -x+1, -y, -z+2.
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Figure 4.3: Hydrogen bonding interactions within the structure of Ln(BBP)2[Au(CN)2]3-
·2 (CH3CN). MeCN solvates omitted for clarity. Atom colours: Pink: Ln, Gold: Au, Blue:
N, Gray: C, White: H.
4.2.2 Structure of Ln(BBP)(NO3)2[Au(CN)2]·(CH3CN) (Ln= Eu, Gd,
Tb)
Switching starting materials from the weakly-bonding triflate to nitrate counterions and
repeating the reactions generates Ln(BBP)(NO3)2[Au(CN)2]·(CH3CN) (Ln=Eu, Gd and
Tb), which are isomorphous. The structures contain a nine-coordinate Ln(III) centre
consisting of one tridentate BBP ligand, two bidentate nitrate ligands and two cyanide
ligands from [Au(CN)2]– units (Figure 4.4, selected bond lengths can be found in Table 4.2).
The extended structure of Ln(BBP)(NO3)2[Au(CN)2]·(CH3CN) (Figure 4.4) consists of
a 1D chain created through bridging [Au(CN)2]– units propagating along the b axis. In this
case there are no Au-Au interactions. A hydrogen bonding interaction between N2 of the
BBP-imidazole and O4 of a bound nitrate on a neighboring chain adds another dimension
to the structure (Figure 4.5). Offset pi - pi stacking interactions between BBP ligands on
adjacent chains aid in inducing favourable alignment of BBP ligands and therefore a high
polarizability anisotropy within the structure.
The structure is similar to that of [nBu4N]2[Ln(NO3)4Au(CN)2], which contains 4 bound
nitrate ligands and one bridging [Au(CN)2]– unit, forming a 1D zig zag chain that is
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Figure 4.4: 1D coordination polymer of Ln(BBP)(NO3)2[Au(CN)2]·(CH3CN). MeCN solvate
omitted for clarity. Atom colours: Pink: Ln, Gold: Au, Red: O, Blue: N, Gray: C.
Figure 4.5: pi-pi and hydrogen bonding interactions of Ln(BBP)(NO3)2[Au(CN)2]·(CH3CN).
MeCN solvate omitted for clarity. Atom colours: Pink: Ln, Gold: Au, Red: O, Blue: N,
Gray: C, White: H.
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sinusoidal (Figure 4.6). This structure also does not contain Au-Au interactions.178 Similar
to Ln(BBP)2[Au(CN)2]3·2 (CH3CN), the nitrate free analogue of this series, Ln[Au(CN)2]3 ·
3H2O, also forms aurophilic interactions (3.31 Å) between [Au(CN)2]– units.186
(a)
(b)
Figure 4.6: a) The 1-D zigzag structure of [nBu4N]2[Ln(NO3)4Au(CN)2] viewed down the
a-axis. [nBu4N]+ cations have been omitted for clarity. Au, yellow; O, red; C, gray; N,
blue. Ln, green. b) View of the sinusoidal-like chains of [Ln(NO3)4Au(CN)2] along the
c-axis. This figure was reproduced with permission from R. J. Roberts, X. Li, T. F. Lacey,
Z. Pan, H. H. Patterson, D. B. Leznoff, ”Heterobimetallic lanthanide-gold coordination
polymers: structure and emissive properties of isomorphous [nBu4N]2[Ln(NO3)4Au(CN)2]
1-D chains”Dalton Trans., vol. 41, pp. 6992–97, 2012 (copyright 2012 Royal Society of
Chemistry)
Both sets of structures contain BBP, Ln ions and [Au(CN)2]– units, all of which are
potentially emissive building blocks. The latter nitrate-containing materials also have good
alignment of the BBP units and therefore are potentially highly birefringent. For both sets
of materials the birefringence and luminescence behaviour was investigated.
4.2.3 Birefringence of Ln(BBP)2[Au(CN)2]3·2 (CH3CN) (Ln = Eu, Gd)
Ln(BBP)2[Au(CN)2]3·2 (CH3CN) (Ln = Eu, Gd) crystallize with orthorhombic symmetry
as colourless plates with the major growth direction perpendicular to the (001) face. The
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birefringence of the crystal down this face was measured to be ∆n=0.160(5) and 0.16(2)
for Ln= Eu and Gd respectively. A view of the (001) face (Figure 4.7) showing only
the BBP ligands (because they contribute most of the polarizability anisotropy in the
structure) reveals a poor alignment of the BBP units in this direction, resulting in a low
polarizability anisotropy. This is consistent with the 49.81◦ offset of the BBP ligands bound
to each Ln centre. Nevertheless, note that the commercial standard for birefringence, calcite,
has ∆n=0.172 and so even the value of ∆n=0.16 for Ln(BBP)2[Au(CN)2]3·2 (CH3CN) is
substantial.3 On the other hand, the related M(terpyridine)[Au(CN)2]2 (M=Mn, Pb) systems,
which show a nearly parallel alignment of terpyridine ligands(Figure 1.13), have a ∆n around
0.4.92
Figure 4.7: A view of the (001) face of Ln(BBP)2[Au(CN)2]3·2 (CH3CN) (Ln = Eu, Gd)
showing only BBP molecules for clarity.
4.2.4 Birefringence of Ln(BBP)(NO3)2[Au(CN)2]·(CH3CN) (Ln= Eu, Gd,
Tb)
Ln(BBP)(NO3)2[Au(CN)2]·(CH3CN) (Ln= Eu, Gd, Tb) crystallizes with triclinic symmetry
as pale yellow plates, with major growth perpendicular to the (001) face. The birefringence
of crystals of Eu(BBP)(NO3)2[Au(CN)2]·(CH3CN), Gd(BBP)(NO3)2[Au(CN)2]·(CH3CN)
and Tb(BBP)(NO3)2[Au(CN)2]·(CH3CN) have ∆n values of 0.57(3), 0.57(3) and 0.54(4)
respectively; these values are identical within experimental error as expected given their
isomorphous nature. A view of the (001) face (Figure 4.8a) indicates high polarizability
anisotropy (and higher than that for Ln(BBP)2[Au(CN)2]3·2 (CH3CN)) with high polar-
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izability within the plane of the aligned BBP ligands (horizontal) and low polarizability
perpendicular to the ligands (vertical). The figure also shows that the face available for
birefringence measurement is not 90◦ to the plane of the BBP ligands (the ideal case) but at
an angle of 68◦ (Figure 4.8b). Since this view is not perpendicular to the BBP ligands, the
measurement only captures a portion of the polarizability anisotropy potential of the BBP
ligands. The figure also shows that the [Au(CN)2]– units lie in the vertical axis and so are
detrimental to the polarizability anisotropy of the material. Despite this, the measured ∆n
is higher than the values reported for terpy-based coordination polymer materials,92,96 once
again highlighting the BBP ligand as an improvement on terpy as a building block toward
birefringent materials.
(a) (b)
Figure 4.8: a) A view of the (001) face of Ln(BBP)(NO3)2[Au(CN)2]·(CH3CN). b) The
angle between the BBP ligands and the (001) plane. Atom colours: Pink: Ln, Gold: Au,
Red: O, Blue: N, Gray: C.
4.2.5 Emission properties
Luminescence spectra for all compounds (in powder form) are shown in Figure 4.9 and
4.10, with excitation and emission data collected in Table 4.3. Eu(BBP)(NO3)2[Au(CN)2]-
·(CH3CN) and Eu(BBP)2[Au(CN)2]3·4H2O (the CH3CN solvent in the latter system rapidly
exchanges for water in powder form; see experimental) show broad excitation peaks similar to
that of BBP (Figure 4.9f) consistent with BBP-based absorption. The emission spectra show
sharp bands at positions typical for Eu emission, which, overall, indicates BBP sensitisation
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(a) (b)
(c) (d)
(e) (f)
Figure 4.9: Solid state luminescence spectra; excitation and emission spectra shown as
dotted and solid lines respectively. a) Luminescence of Eu(BBP)(NO3)2[Au(CN)2]·(CH3CN)
at 77 K. b) Luminescence of Eu(BBP)(NO3)2[Au(CN)2]·(CH3CN) at RT. c) Luminescence
of Tb(BBP)(NO3)2[Au(CN)2]·(CH3CN) at 77 K. d) Luminescence of Eu(BBP)2[Au(CN)2]3-
·4H2O at 77 K. e) Luminescence of Eu(BBP)2[Au(CN)2]3·4H2O at RT. f) Luminescence of
BBP at 77 K.
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(a) (b)
(c)
Figure 4.10: Solid state luminescence spectra; excitation and emission spectra shown as
dotted and solid lines respectively. a) Luminescence of Gd(BBP)(NO3)2[Au(CN)2]·(CH3CN)
at 77 K. b) Luminescence of Gd(BBP)2[Au(CN)2]3·4H2O at 77 K. c) Luminescence of
[Gd(BBP)2(NO3)2]NO3·H2O at 77 K .
to the Eu centre.84,187 Tb(BBP)(NO3)2[Au(CN)2]·(CH3CN) also shows BBP sensitization
resulting in characteristic Tb emission at 77K,84,187 however at 295K all emission is quenched.
Note that no Au(CN)2-based emission (either from aurophilic interactions or MLCT) was
observed for either the Eu or Tb cases; these bands are typically much broader than
lanthanide bands.181,188
In the emissive Gd series, the Gd is non-emissive but Gd(BBP)(NO3)2[Au(CN)2]-
·(CH3CN) contains an [Au(CN)2]– unit capable of MLCT-based emission and Gd(BBP)2-
[Au(CN)2]3·4H2O contains potentially emissive Au-Au interactions.181,188 In order to analyse
the source of emission, we synthesized [Gd(BBP)2(NO3)2]NO3·H2O, a related system without
any Au(CN)2-unit.173 The luminescence spectra of Gd(BBP)(NO3)2[Au(CN)2]·(CH3CN),
Gd(BBP)2[Au(CN)2]3·4H2O and [Gd(BBP)2(NO3)2]NO3·H2O (Figure 4.10a, b and c) show
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that the emission of Gd(BBP)(NO3)2[Au(CN)2]·(CH3CN) and [Gd(BBP)2(NO3)2]NO3·H2O
are very similar (exhibiting broad excitation peaks centred 398 nm and broad emission at
533 nm), indicating that the emission in Gd(BBP)(NO3)2[Au(CN)2]·(CH3CN) is assignable
to the Gd(BBP) motif (this emission is shifted relative to that of free BBP; see Table 4.3 and
Figure 4.9f). Gd(BBP)2[Au(CN)2]3·4H2O has a similar emission spectrum to Gd(BBP)-
(NO3)2[Au(CN)2]·(CH3CN) (emission peaks at 494 and 531 nm) except for an extra peak
at 439 nm. The [nBu4N]2[Gd(NO3)4Au(CN)2] system (which has no Au-Au interactions)
shows Au MLCT-based emission at 473 nm.178 Other studies on [Au(CN)2]– based systems
show similar wavelength emission for similar Au-Au distances; therefore, we tentatively
assign this peak at 439 nm to emission from the Au-Au interactions in the structure.181,189
Table 4.3: Solid state excitation and emission data for BBP and the reported Ln/BBP-
containing coordination polymers at 77K.
Compound Excitation (nm) Emission (nm) Assignment
Eu(BBP)2[Au(CN)2]3·4H2O* 380 594 5D0 →7 F1
619 5D0 →7 F2
650 5D0 →7 F3
686 5D0 →7 F4
695 5D0 →7 F4
Eu(BBP)(NO3)2[Au(CN)2]·(CH3CN)* 389 594 5D0 →7 F1
619 5D0 →7 F2
650 5D0 →7 F3
688 5D0 →7 F4
696 5D0 →7 F4
Tb(BBP)(NO3)2[Au(CN)2]·(CH3CN)* 388 491 5D4 →7 F6
545 5D4 →7 F5
585 5D4 →7 F4
622 5D4 →7 F3
646 5D4 →7 F2
Gd(BBP)2[Au(CN)2]3·4H2O 391 439 Au-Au
494 BBP
531 BBP
Gd(BBP)(NO3)2[Au(CN)2]·(CH3CN) 398 533 BBP
[Gd(BBP)2(NO3)2]NO3·H2O 397 494 BBP
535 BBP
BBP 354 395
409
*Ln-based transitions assigned according to the literature for typical Ln-emission.173,174,190
4.3 Conclusion and future work
The first multifunctional highly birefringent, emissive coordination polymers have been
synthesized by incorporating the highly anisotropic BBP as a building block along with
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lanthanide metals and [Au(CN)2]–, resulting in coordination polymers with ∆n values
of 0.57(3), 0.57(3), 0.54(4), 0.16(2) and 0.160(5) for Ln(BBP)(NO3)2[Au(CN)2]·(CH3CN)
(Ln=Eu, Gd, Tb) and Ln(BBP)2[Au(CN)2]3·2 (CH3CN) (Ln=Eu and Gd) respectively. The
Eu and Tb-containing samples show sensitization from BBP to the lanthanide centre and
are highly luminescent. The mono-BBP materials have higher ∆n values than the previously
studied terpy-containing coordination polymers and which are more than three times greater
than that of calcite.
Examining the interplay between the birefringence and luminescence in these materials
requires a more detailed investigation. Measurements to determine the polarisation (if any)
of the luminescence need to be conducted on single crystals and are therefore non-trivial,
requiring the use of large (>0.5 cm) sized crystals or the use of a specialised microscope.155
Crystals of Eu(BBP)2[Au(CN)2]3·2 (CH3CN) should show CPL due to the chiral topology
of the network.151 Eu(BBP)(NO3)2[Au(CN)2]·(CH3CN) and Tb(BBP)(NO3)2[Au(CN)2]-
·(CH3CN) would also be interesting candidates for investigation of polarised emission due
to their high birefringence and periodic alignment of LnBBP units.
4.4 Experimental
4.4.1 General Procedures
General procedures can be found in Chapter 2 except as outlined below. All reactions were
conducted in air. All reagents were obtained from commercial sources and used as received.
Bis(benzimidazole)pyridine (BBP)108 and [Gd(BBP)2(NO3)2]NO3·H2O173 were prepared
from literature procedures. All solvothermal reactions were performed in a 5 mL ampoule
with 3 mL of acetonitrile, sealed under reduced pressure. The hydrothermal temperature
program consisted of a ramping period of 3 hours to reach the temperature stated for each
compound. This temperature was held for the time stated for each compound, followed
by a cool-down period also lasting the time stated for each compound, reaching a final
temperature of 25 ◦C.
4.4.2 Synthesis of [Gd(BBP)2(NO3)2]NO3·H2O.
This complex was synthesized by a previously reported procedure.173 IR (ATR, cm−1) 3439
wbr, 3069 mbr, 1608 m, 1591 w, 1579 m, 1494 m, 1460 s, 1446 s, 1422 vs, 1426 vs, 1386 m,
1363 m, 1333 s, 1318 s, 1290 m, 1234 w, 1188 vw, 1150 w, 1118 vw, 1101 vw, 1043 w, 996 m,
970 m, 903 vw, 848 m, 826 m, 764 m, 742 s.
4.4.3 Synthesis of M(BBP)2[Au(CN)2]3 · 2 (CH3CN) (M=Eu, Gd).
M(CF3SO3)3 (60 mg, 0.1 mmol), BBP (62 mg, 0.2 mmol) and KAu(CN)2 (84 mg, 0.3 mmol)
were added to a 5 mL ampoule with 3 mL of acetonitrile, which was sealed under reduced
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pressure and heated to 130◦C for 12 hours before cooling slowly over 55 hours to 25◦C.
The resulting solution was filtered to give colourless plate crystals of M(BBP)2[Au(CN)2]3 ·
2 (CH3CN) (M=Eu, Gd) and white powder. Yield: 133 mg (83%) for M = Eu; 132 mg
(82%) for M = Gd. The powders were determined to be the same as the crystals via PXRD
(Figure 4.11). The powders rapidly desolvate and uptake H2O. For M = Eu: Anal. Calcd.
for C44H34N16Au3EuO4: C 33.12%; H 2.15%; N 14.05%. Found: C 32.98%; H 1.97%; N
14.27%. IR (ATR, cm−1) 3099 br, 2182 (νCN ,m), 2161 (νCN ,s), 2152 (νCN ,s), 1610 m, 1582
m, 1494 m, 1475 m, 1461 ms, 1450 ms, 1321 m, 1286 ms, 1229 vw, 1192 w, 1156 w, 1115 vw,
1101 vw, 1007 w, 997 m, 969 m, 930 w, 900 w, 847 m, 821 ms, 764 m, 743 vs. Raman (785nm,
a: 1, %lp: 10, cm−1) 2181 (νCN ,w), 1630 m, 1609 m, 1581 ms, 1556 m, 1540 ms, 1491 w,
1446 s, 1319 w, 1273 vs, 1228 w, 1146 w, 1120 vw, 1007 s, 969 w, 803 vw, 666 vw, 626 vw,
332 vw, 186 vw, 159 vw, 112 m. For M = Gd: Anal. Calcd. for C44H34N16Au3O4Gd: C
33.02%; H 2.14%; N 14.01%. Found: C 33.09%; H 1.95%; N 14.32%. IR (ATR, cm−1) 2101
br, 2179 (νCN ,m), 2159 (νCN ,s), 2152 (νCN ,s), 1610 m, 1582 m, 1494 m, 1475 m, 1461 ms,
1450 m, 1321 m, 1286 m, 1225 vw, 1188 vw, 1146 w, 1115 vw, 997 m, 969 m, 933 vw, 903
vw, 847 w, 821 m, 764 w, 743 vs. Raman (785nm, a: 1, %lp: 10, cm−1) 2182 (νCN ,w), 1630
m, 1610 m, 1581 s, 1557 m, 1541 ms, 1491 w, 1446 s, 1322 vw, 1272 vs, 1228 w, 1146 m,
1120 vw, 1006 s, 969 m, 903 vw, 803 w, 676 vw, 626 vw, 532 vw, 330 vw, 244 vw, 187 vw,
163 vw, 114 m.
4.4.4 Synthesis of Eu(BBP)(NO3)2[Au(CN)2]·(CH3CN).
Eu(NO3)3 · 6H2O (45 mg, 0.1 mmol), BBP (31 mg, 0.1 mmol) and KAu(CN)2 (27 mg, 0.1
mmol) were added to a 5 mL ampoule with 3 mL of acetonitrile, which was sealed under
reduced pressure and heated to 130◦C for 18 hours before cooling slowly over 72 hours to 25◦C.
The resulting solution was filtered, washed with water then washed with hot acetonitrile
to give pale yellow crystals. Yield: 49 mg (56%) Anal. Calcd. for C23H16N10AuEuO6: C
31.44%; H 1.84%; N 15.95%. Found: C 31.29%; H 1.53%; N 15.58%. IR (ATR, cm−1) 3223
br, 2167 (νCN ,s), 1617 m, 1576 m, 1559 m, 1539 m, 1513 s, 1503 s, 1450 s, 1323 ms, 1296 vs,
1282 s, 1269 m, 1235 w, 1165 w, 1148 m, 1121 vw, 1095 vw, 1022 m, 1001 m, 976 m, 907 vw,
846 w, 823 m, 803 m, 757 ms, 747 s. Raman (785nm, a: 1, %lp: 10, cm−1) 2185 (νCN ,ms),
1629 m, 1607 ms, 1573 m, 1553 m, 1539 m, 1489 w, 1450 s, 1293 w, 1270 vs, 1236 w, 1150
m, 1027 w, 1008 s, 975 m, 807 vw, 530 vw, 333 vw, 204 m, 103 ms.
4.4.5 Synthesis of Gd(BBP)(NO3)2[Au(CN)2]·(CH3CN).
Prepared in an analogous fashion to the Eu-analogue, using Gd(NO3)3 · 6H2O (45 mg, 0.1
mmol). Yield: 47 mg (53%) Anal. Calcd. for C23H16N10AuGdO6: C 31.26%; H 1.83%; N
15.86%. Found: C 30.93%; H 1.46%; N 15.49%. IR (ATR, cm−1) 3226 br, 2167 (νCN ,s),
1617 w, 1576 m, 1559 m, 1511 ms, 1494 s, 1460 ms, 1450 ms, 1319 m, 1295 s, 1282 ms, 1265
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m, 1235 w, 1192 vw, 1151 w, 1125 vw, 1095 vw, 1022 m, 997 w, 974 w, 850 w, 823 m, 756
m, 747 s. Raman (785nm, a: 1, %lp: 5, cm−1) 2187 (νCN ,vw), 1630 m, 1607 ms, 1572 m,
1554 m, 1539 ms, 1489 w, 1450 s, 1324 w, 1293 w, 1270 vs, 1237 w, 1150 m, 1009 s, 976 m,
806 w, 665 vw, 531 w, 333 w, 205 w, 106 m.
4.4.6 Synthesis of Tb(BBP)(NO3)2[Au(CN)2]·(CH3CN).
Prepared in an analogous fashion to the Eu-analogue, using Tb(NO3)3 · 6H2O (45 mg, 0.1
mmol). Yield: 40 mg (45%) Anal. Calcd. for C23H16N10AuO6Tb: C 31.22%; H 1.83%; N
15.84%. Found: C 30.88%; H 1.59%; N 15.32%. IR (ATR, cm−1) 3224 br, 2167 (νCN ,s),
1617 w, 1576 w, 1559 m, 1511 ms, 1494 s, 1461 s, 1450 s, 1423 m, 1322 m, 1296 vs, 1269 m,
1235 w, 1165 w, 1150 w, 1121 vw, 1098 vw, 1022 m, 973 w, 849 w, 823 m, 576 ms, 747 s.
Raman (785nm, a: 1, %lp: 10, cm−1) 2186 (νCN ,vw), 1630 m, 1608 ms, 1573 ms, 1556 m,
1540 ms, 1490 w, 1450 s, 1429 w, 1325 w, 1294 w, 1270 vs, 1236 w, 1151 m, 1009 vs, 976 m,
805 vw, 666 vw, 531 vw, 335 vw, 206 w, 108 m.
4.4.7 Measurement of birefringence.
Birefringence measurements were performed as per the method outlined in Section 2.4.8. For
each sample, multiple crystals were measured with typical thickness dimensions of 6-15 µm
and 15-20 µm for Ln(BBP)2[Au(CN)2]3·2 (CH3CN) (Ln = Eu, Gd) and Ln(BBP)(NO3)2-
[Au(CN)2]·(CH3CN) (Ln= Eu, Gd, Tb) respectively.
4.4.8 Single crystal X-ray diffraction structure determinations.
The data for all compounds was collected, processed and presented according to the details
in section 2.4.9. Additional crystallographic information can be found in Tables 4.4 and 4.5
and in the cif file accompanying the electronic version of this thesis.
4.4.9 Powder X-ray diffraction.
Powder X-ray diffractograms of Eu(BBP)2[Au(CN)2]3·4H2O and Gd(BBP)2[Au(CN)2]3-
·4H2O were collected using a Bruker SMART APEX II equipped with a Incoatec IµS Cu Kα
source (λ = 1.54056 Å). Samples were mounted on MiTeGen sample holders using paratone
oil and were exposed as the phi axis was spinning (6◦s−1), for a period of 60 minutes.
4.4.10 Measurement of Luminescence.
Photoluminescence spectra of powdered samples were recorded with a Photon Technology
International QuantumMaster model QM-4 using a low temperature finger dewar. Samples
were prepared by placing powder into an NMR tube. Each sample was recorded in 0.5 nm
intervals with a 0.5 second integration time. Eu(BBP)(NO3)2[Au(CN)2]·(CH3CN) at 77
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K, Tb(BBP)(NO3)2[Au(CN)2]·(CH3CN) at 77K and Eu(BBP)2[Au(CN)2]3·4H2O at room
temperature were measured with 0.2 mm slit widths. Gd(BBP)2[Au(CN)2]3·4H2O at 77
K and the BBP ligand at 77 K were measured with 0.3 mm slit widths. Gd(BBP)(NO3)2-
[Au(CN)2]·(CH3CN) at 77 K and [Gd(BBP)2(NO3)2]NO3·H2O at 77 K were measured with
0.4 mm slit widths.
(a)
(b)
Figure 4.11: a)PXRD of Eu(BBP)2[Au(CN)2]3·4H2O (black) and simulated PXRD of
Eu(BBP)2[Au(CN)2]3·2 (CH3CN) (red) b)PXRD of Gd(BBP)2[Au(CN)2]3·4H2O (black)
and simulated PXRD of Gd(BBP)2[Au(CN)2]3·2 (CH3CN) (red).
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Table 4.4: Crystallographic data for Eu(BBP)2[Au(CN)2]3·2 (CH3CN) and Gd(BBP)2-
[Au(CN)2]3·2 (CH3CN).
Compound reference Eu(BBP)2[Au(CN)2]3·2 (CH3CN) Gd(BBP)2[Au(CN)2]3·2 (CH3CN)
Chemical formula C48H32Au3EuN18 C48H32Au3GdN18
FW (g·mol−1) 1603.77 1606.05
Crystal system Orthorhombic Orthorhombic
a (Å) 15.3869(3) 15.366(2)
b (Å) 17.6799(3) 17.645(2)
c (Å) 18.9791(4) 18.959(3)
α (◦) 90 90
β (◦) 90 90
γ (◦) 90 90
V (Å3) 5163.05(17) 5140.8(12)
T (K) 296(2) 296(2)
Space group P212121 P212121
Z 4 4
µ (mm−1) 9.748 9.860
Reflns. all 59086 55294
Reflns. unique 10550 12746
Rint 0.0629 0.0430
R1 [I0 ≥ 2.50σ (I0)] 0.0303 0.0278
wR(F2) 0.0561 0.0510
R1 (all data) 0.0403 0.0361
wR(F2) (all data) 0.0599 0.0531
Goodness of fit 0.900 0.973
Flack parameter 0.005(4) 0.006(3)
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Chapter 5
Structural design parameters for
highly birefringent coordination
polymers
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5.1 Introduction1
In Chapter two we identified several criteria for designing highly birefringent crystalline
materials.131 To recap, ideally a material should: (1) be constructed from building blocks
with high polarizability anisotropies; (2) the building blocks should be oriented with a
parallel alignment to one another; (3) the crystals must be of sufficient optical quality and (4)
have a favourable crystal growth direction. Whereas criteria (1) and (2) control the absolute
birefringence of a crystal, criteria (3) and (4) determine the magnitude of the birefringence
that can actually be measured and exploited. Poor quality crystals, or those that fail to
present an appropriate crystal face to the observer, will exhibit less than optimum optical
properties.
We have shown that by using BBP we can create highly birefringent coordination
polymers as well as metallosupramolecular networks formed through hydrogen bonding
interactions to the NH groups. However, due to the additional hydrogen bonding interactions,
this leads to a significantly different structures to those of terpy, thus making it difficult
to directly compare the two ligands. Therefore another ligand was targeted, in which the
tridentate pyridine donor motif is preserved but one double bond is added to the backbone,
connecting two of the pyridine rings together creating 2-(2-pyridyl)-1,10-phenanthroline
(phenpy).191 The placement of the double bond in the ring increases the polarizability
anisotropy of the ligand framework by adding more polarizability in the plane of the ligand
via extending the pi -system,38 whilst maintaining the same overall shape and colour as
terpy. Thus, since phenpy is a close structural analogue to terpy (Figure 5.1), it should give
structures with similar coordination environments to terpy and other terpy analogues.
The previous terpy-containing materials also had a tendency for the terpy to deplanarize
(we have observed torsion angles of 6.5 to 20.5◦ between pyridine planes in a range of
coordination polymers).92,96 This design feature adds further constraints on the ligand, and
restricting the degrees of freedom should lead to more planar systems and a more reliable
building block in terms of maximizing structural anisotropy.
Figure 5.1: A comparison of terpy (left) and phenpy ligands.
1Parts of this chapter were reproduced with permission from J. R. Thompson, M. J. Katz, V. E. Williams,
D. B. Leznoff, ”Structural design parameters for highly birefringent coordination polymers”Inorg. Chem.,
vol. 54, pp. 6462–71, 2015 (copyright 2015 American Chemical Society). The project was initiated and
compounds M(phenpy)(H2O)[Au(CN)2]2·2H2O (M=Mn, Zn, Cd) were synthesized and characterised by M.
J. Katz.
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To this end, we targeted the synthesis of materials incorporating phenpy units aligned
using manganese(II), zinc(II), cadmium(II) and indium(III) metal centres (to restrict absorp-
tion in the visible region) with [Au(CN)2]– or halide bridging units as a comparison with
prior terpy-based materials and their structures and birefringent properties were investigated
in light of these design principles.
5.2 Results and Discussion
5.2.1 Structure of M(phenpy)[Au(CN)2]2 (M=Mn and Cd)
The hydrothermal synthesis reaction of manganese(II) or cadmium(II) salts with phenpy
and two equivalents of [Au(CN)2]– resulted in the formation of crystals of isomorphous
M(phenpy)[Au(CN)2]2 (M = Mn and Cd). As a representative example, the structure
of Mn(phenpy)[Au(CN)2]2 is described; it contains a Mn(II) centre with an octahedral
coordination environment (Figure 5.2a, selected bond lengths can be found in Table 5.1)
consisting of one phenpy, two bridging and one terminal [Au(CN)2]– units. The phenpy
ligand deviates from planarity by a torsion angle of 3.6◦, which is significantly less than the
analogous terpy-containing species (as high as 20.5◦).92,96
The extended structure (Figure 5.2b) is built via bridging [Au(CN)2]– units forming a
1D chain. Aurophilic interactions between terminal [Au(CN)2]– units create a 1D ladder.
Further aurophilic interactions create a tetramer of [Au(CN)2]– units, which generate a
2-D sheet (Figure 5.2c). The νCN stretches are consistent with this structure with both
bound (2178, 2166 and 2163, 2185 cm−1 for M=Mn, Cd respectively) and unbound cyanides
(2151 and 2154 cm−1 for M=Mn, Cd respectively) occurring at higher energy to that of free
[Au(CN)2]– (2141 cm−1).
Mn(phenpy)[Au(CN)2]2 is isostructural with that of the previously published Mn(4 ′Brterpy)-
[Au(CN)2]2.96 It is also similar to Mn(terpy)[Au(CN)2]2 (Figure 5.3) in that both form 1D
ladder structures; however, Mn(phenpy)[Au(CN)2]2 has an extra aurophilic interaction that
creates the aforementioned [Au(CN)2]– tetramers.92
5.2.2 Structure of M(phenpy)(H2O)[Au(CN)2]2·2H2O (M=Mn, Zn and
Cd)
The reaction of manganese(II), zinc(II), or cadmium(II) salts with phenpy and two equiv-
alents of [Au(CN)2]– via slow evaporation of a water/methanol solution (instead of under
hydrothermal conditions as above) produced isomorphous crystals of M(phenpy)(H2O)-
[Au(CN)2]2·2H2O (M=Mn, Zn and Cd). As a representative example, the structure of
Cd(phenpy)(H2O)[Au(CN)2]2·2H2O contains an octahedral metal centre (Figure 5.4a), with
one phenpy molecule (torsion angle 2.0◦), two terminal [Au(CN)2]–units, and a bound
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(a) (b)
(c)
Figure 5.2: Crystal structure of Mn(phenpy)[Au(CN)2]2; (a) local geometry showing thermal
ellipsoids; (b) 1-D chain of Mn(phenpy)[Au(CN)2]2 showing all the phenpy molecules aligned
face-to-face; (c) 2-D sheet of Mn(phenpy)[Au(CN)2]2 showing tetramers of [Au(CN)2]– units.
Atom colours: Orchid: Mn, Gold: Au, Blue: N, Gray: C.
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Figure 5.3: Crystal structure of Mn(terpy)[Au(CN)2]2 and its 1-D ladder topology.92 Atom
colours: Orchid: Mn, Gold: Au, Blue: N, Gray: C.
Table 5.1: Selected bond lengths for M(phenpy)[Au(CN)2]2 (M= Mn, Cd) (in Å)
Bond M = Mn M = Cd
M-N1 2.302(15) 2.35(2)
M-N2 2.214(14) 2.31(2)
M-N3 2.292(16) 2.39(2)
M-N4 2.209(13) 2.321(18)
M-N5a 2.218(12) 2.331(18)
M-N6 2.124(14) 2.21(2)
Interaction M = Mn M = Cd
Au1...Au2b 3.0602(10) 3.071(2)
Au2...Au2c 3.2518(16) 3.301(3)
† Symmetry operations: a: 1+x, +y, 1+z, b: 1-x, 1-y, 1-z, c: 1-x, 1-y, 2-z.
water molecule. There are also two interstitial water molecules in the crystal. Aurophilic
interactions link the molecules to one another, forming a 1-D chain (Figure 5.4b).
Table 5.2: Selected bond lengths for M(phenpy)(H2O)[Au(CN)2]2·2H2O (M= Mn, Zn and
Cd) (in Å)
Bond M = Mn M = Zn M = Cd
Mn1-N1 2.31(3) 2.22(3) 2.380(18)
Mn1-N2 2.26(3) 2.09(3) 2.320(19)
Mn1-N3 2.32(3) 2.25(3) 2.378(16)
Mn1-N4 2.21(4) 2.04(3) 2.23(2)
Mn1-N6 2.26(4) 2.16(3) 2.31(2)
Mn1-O1 2.23(3) 2.21(2) 2.350(15)
Interaction M = Mn M = Zn M = Cd
Au1...Au2a 3.421(5) 3.316(2) 3.460(2)
Au2...Au2b 3.277(5) 3.214(3) 3.277(2)
† Symmetry operations: a: -x+1/2, -y+3/2, -z+1, b: -x, y, -z+1/2.
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(a) (b)
Figure 5.4: Crystal structure of Cd(phenpy)(H2O)[Au(CN)2]2·2H2O; (a) local geometry
showing thermal ellipsoids; (b) 1-D chain of Cd(phenpy)(H2O)[Au(CN)2]2·2H2O showing
all the phenpy molecules aligned face-to-face. Atom colours: Silver: Cd, Gold: Au, Red: O,
Blue: N, Gray: C.
Although this different synthetic procedure yields a different structure (Figure 5.4b vs
5.3) – the bound H2O unit blocks the binding of bridging [Au(CN)2]– units – the material
still shows a high alignment of the phenpy units as required for high birefringence (criterion
2).
5.2.3 Structure of In(phenpy)(Cl)2[Au(CN)2]·0.5H2O
Switching from M2+ cations to the M3+ containing InCl3 · 3H2O results in a very different
structure. The reaction with phenpy and three equivalents of [Au(CN)2]– via slow evaporation
of a water/methanol solution produced crystals of In(phenpy)(Cl)2[Au(CN)2]·0.5H2O. The
structure contains an octahedral In3+ centre (Figure 5.5a), with one phenpy ligand (torsion
angle ≈3.5◦) two axial and one equatorial chloride ligands. The thermal ellipsoid on the
bridging chloride (Cl2) is quite large and modeling this atom as a hydroxide results in a
lower Rfactor. However, both CHN elemental analysis and MALDI mass spectrometry data
are consistent with a dichloride species, and therefore the atom has been assigned as a
chloride ligand (slow partial hydrolysis of the crystals overtime maybe to blame for this, see
section 5.3.8 for more details). In any case, the assignment of that atom does not effect
the conclusions. The chloride in the equatorial plane changes to the axial position of a
neighboring In centre, creating a dimer (Figure 5.5b). The structure shows good stacking
of the phenpy units; in addition the [Au(CN)2]–unit aligns in a parallel fashion with the
phenpy ligand, adding to the overall polarizability anisotropy of the system (Figure 5.5c).
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(a) (b)
(c)
Figure 5.5: Crystal structure of In(phenpy)(Cl)2[Au(CN)2]·0.5H2O (a) local geometry. (b)
A dimer of In(phenpy)(Cl)2[Au(CN)2]·0.5H2O showing the phenpy molecules aligned face-
to-face. (c) The extended packing of dimers. Only one of the two disordered phenpy ligands
is shown for clarity. Atom colours: Pink: In, Gold: Au, Green: Cl, Red:O Blue: N, Gray: C.
5.2.4 Structure-Birefringence analysis
So far, the rationalisation of differences in ∆n values when comparing compounds has been
possible through analysis of angles between the ligand planes or the crystal growth direction.
However, for the compounds in this chapter this simple analysis was not sufficient to account
for the difference in ∆n values. Thus, a more detailed analysis was applied as outlined below.
In order to facilitate the comparison of crystal structures that are not isostructural in the
rationalisation of the differences in birefringence values and develop meaningful conclusions,
each structure will be simplified. The source of the majority of the polarizability anisotropy
in the overall structure is likely from the phenpy units38,89,92 therefore; each structure will be
assessed by examining only the planarity of the phenpy units and the relative orientation of
the phenpy units with respect to the light propagation direction. To facilitate this structure
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property analysis three angles have been identified (Figure 5.6) and are defined as: the
torsion angle (α) within each phenpy molecule (Figure 5.6a), the angle (β) between the
direction of light propagation and phenpy units rotated in the A-C plane (Figure 5.6c) and
the angle (γ) between the direction of light propagation and phenpy units rotated in the
B-C plane (Figure 5.6d), where A, B and C are denoted in Figure 5.6b. In order to assess
the importance of these angles with respect to the birefringence, the polarizability tensor for
phenpy was calculated.
Figure 5.7 shows a phenpy molecule with axes labeled depicting the result of a po-
larizability calculation (DFT B3LYP 6-31G**) based on the phenpy nuclear coordinates
taken from the crystal structure of Cd(phenpy)(H2O)[Au(CN)2]2·2H2O. The polarizability
tensor components have values of 352.086, 223.752 and 61.359 a.u. (1 a.u.= 1.649 x 10−41
C2 m2 J−1) for αx, αy and αz respectively. The lowest polarizability is the αz tensor
component, which is perpendicular to the plane of the phenpy unit and the largest is the αx
tensor component, which is parallel to the longest phenpy dimension. Therefore, the ideal
orientation of phenpy units in a crystal in order to maximize the polarizability anisotropy
and thereby the birefringence would be the case where the light propagation is parallel to
the αy axis, so that the resulting measure of birefringence is based on the difference between
the αx and αz tensor components of phenpy.
In order to achieve this maximum possible polarizability anisotropy of the crystal, angles
α, β and γ should all equal zero. When non-zero, these angles all decrease the polarizability
anisotropy contribution of the phenpy unit. However, the ∆n is expected to be most sensitive
to γ, which leads to averaging of two very disparate polarizability tensor components (αy and
αz). Any non-zero value of γ will increase the polarizability in the B direction (Figure 5.6b)
as it will lead to some αy component in this direction, thus decreasing the polarizability
anisotropy experienced by light propagating in the C direction.
In addition, crystals with large β values will also experience a significant decrease in the
polarizability anisotropy because the polarizability tensor component αy is approximately
two thirds of αx. Therefore, increasing β results in the polarizability in the A direction
containing some αy component, leading to the overall anisotropy being the difference between
αz and weighted average αx-αy and consequently a reduced birefringence.
With this toolbox for supramolecular structure-property analysis in place, birefringence
measurements for the three structure types described above, and a case by case examination
of the structural features leading to the observed ∆n are described below.
5.2.5 Birefringence
The birefringence of all compounds were obtained using the Berek compensator method at λ
= 546(10) nm at room temperature (as described in section 1.5.3). Retardation measurements
were also conducted at λ = 650(20) nm, resulting in a < 1% difference compared to the
measurements at 546 nm, indicating that the birefringence is not wavelength dependent in this
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(a) (b)
(c) (d)
Figure 5.6: Angles discussed in the birefringence analysis: (a) The torsion angle (α) within
each phenpy molecule, defined as the angle between the green and red planes. (b) A general
depiction of the relative orientation of phenpy molecules (blue blocks) to the direction of
light propagation (C). (c) The angle (β) between the direction of light propagation and
phenpy units rotated in the A-C plane. (d) The angle (γ) between the direction of light
propagation and phenpy units rotated in the B-C plane. Atom colours: Blue: N, Gray: C.
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Figure 5.7: Phenpy molecule labelled with the polarizability tensor axes and the calculated
polarizabilities αx, αy and αz. Atom colours: Blue: N, Gray: C, White: H.
region. Consistent with this observation, solution UV-Vis data for Phenpy, ZnPhenpy(NO3)2,
MnPhenpyCl2 and CdPhenpy(NO3)2 (Figure 5.8) showed no absorption at wavelengths
longer than 400 nm, indicating that the birefringence values are not resonance-enhanced.
Measurements for all compounds were made parallel to the [010] axis.
5.2.6 Birefringence of M(phenpy)[Au(CN)2]2 (M=Mn and Cd)
The measured birefringence of Cd(phenpy)[Au(CN)2]2 is 0.37(2). No measurement of
Mn(phenpy)[Au(CN)2]2 could be made due to poor crystal quality. The crystals of M(phenpy)-
[Au(CN)2]2 have a plate morphology and are monoclinic, growing perpendicular to the b-axis.
Since the b-axis contains a symmetry element, one of the three components of the indicatrix
is aligned along this axis. Therefore, the measured birefringence represents the difference
between the remaining two primary components of the indicatrix (nac1 and nac2).
A view down the b axis (Figure 5.9a) shows good alignment of phenpy units, however
there is a slight tilt in the phenpy units with respect to the light propagation as reflected
in a γ angle (Figure 5.6c) of 4.0◦ and therefore a small cancellation of the polarizability
anisotropy. The α torsion angle is 3.6◦, which is substantially less than that observed for
previous terpy-containing coordination polymer analogues, resulting in a greater molecular
polarizability anisotropy. Thus, both of these key structural angles are close to their ideal
values to maximize the observed ∆n. However, this structure has a β angle of approximately
60◦, illustrated in Figure 5.9b, which shows the point at which the b axis cuts each phenpy
ligand. This substantial value means that the light only experiences a slice of the maximum
polarizability anisotropy of the plane of each phenpy unit down this measurement axis.
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(a) (b)
(c) (d)
(e)
Figure 5.8: UV-Vis data (in methanol) for a) Phenpy at 0.0538 mM: 349nm, 2580(40);
332 nm, 5250(90); 318 nm, 12700(200); 306 nm, 16500(300); 289 nm, 28100(500); 235 nm,
36100(900) Lmol−1cm−1. b) Zn(Phenpy)[NO3]2 at 0.0253 mM : 357 nm, 8930(40); 341 nm,
9920(40); 325 nm, 10110(40); 304 nm, 26100(70); 270 nm, 14440(50); 261 nm, 12670(50);
234 nm, 30410(190) Lmol−1cm−1. c) In(Phenpy)[Cl]3 at 0.0538 mM : 360 nm, 9300(30);
345 nm, 10000(20); 335 nm, 7460(30); 306 nm, 27050(50); 272 nm, 12290(60); 266 nm,
11430(50); 235 nm, 27800(100) Lmol−1cm−1. d) Mn(Phenpy)[Cl]2 at 0.0538 mM : 356 nm,
7780(20); 340 nm, 9400(50); 323 nm, 10904(50); 303 nm, 26354(60); 270 nm, 14005(30);
265 nm, 12489(30); 237 nm, 29860(80) Lmol−1cm−1. e) Cd(Phenpy)[NO3]2 at 0.0203 mM
: 355 nm, 8757(11); 340 nm, 9885(14); 323 nm, 10530(40); 302 nm, 25960(100); 269 nm,
14820(50); 261 nm, 12780(60); 234 nm, 29812(340) Lmol−1cm−1. Extinction coefficients
were calculated based on multiple concentrations.
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(a) (b)
(c)
Figure 5.9: Phenpy packing in the structure of Cd(phenpy)[Au(CN)2]2; a) The birefringence
measurement view (b axis) showing only the phenpy units for clarity and an approximate
representation of the indicatrix superimposed on this face; b) A crystal of Cd(phenpy)-
[Au(CN)2]2 under crossed polarizers near the point of full compensation with a Berek
compensator. c) A view showing the phenpy plane relative to the birefringence measurement
axis. The metals and cyanides units have been removed for clarity. Atom colours: Blue: N,
Gray: C.
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In comparison, Mn(terpy)[Au(CN)2]2 has ∆n = 0.388(8) with α = 3.1, 7.1 (angles
between each outer and the central pyrindine rings), β = 3 and γ = 3.5◦. These small
angles indicate a near ideal orientation of the terpy ligands in this crystal.92 The ∆n of
M(phenpy)[Au(CN)2]2 is identical within experimental error despite phenpy having a higher
polarizability anisotropy. Since the α and γ values for the two crystals are quite similar, the
much higher β values (60◦ vs 3◦) in Cd(phenpy)[Au(CN)2]2 likely offsets the gains of added
polarizability anisotropy of the ligand, resulting in similar ∆n values for the two materials.
5.2.7 Birefringence of M(phenpy)(H2O)[Au(CN)2]2·2H2O (M=Mn, Zn
and Cd)
The measured birefringence of Zn(phenpy)(H2O)[Au(CN)2]2·2H2O and Cd(phenpy)(H2O)-
[Au(CN)2]2·2H2O are 0.59(6) and 0.56(3) respectively, which are similar to that of the
Ln(BBP)(NO3)2[Au(CN)2]·(CH3CN) coordination polymers from the previous chapter (0.57(3))
and fall among the highest ∆n reported for crystalline solids but lower than the molecular
Mn(BBP)Cl2(MeOH)·MeOH from Chapter 2 (0.69(2)). No measurement of the Mn(phenpy)-
(H2O)[Au(CN)2]2·2H2O structure could be made due to the poor quality crystals obtained.
Figure 5.10a shows a crystal of Cd(phenpy)(H2O)[Au(CN)2]2·2H2O under crossed polarizers
near the point of full compensation with a Berek compensator (see section 1.5.3 for more
details). The crystals of all three M(phenpy)(H2O)[Au(CN)2]2·2H2O compounds have plate
morphology and are monoclinic. The torsion angle (α) is 1.6◦, less than any of the analogous
terpy-based derivatives and the aforementioned M(phenpy)[Au(CN)2]2. The primary crystal
growth direction is perpendicular to the b-axis (Figure 5.10b), which is oriented almost
parallel to the αy tensor component of phenpy — i.e. β = 6◦ — and thus light propagating
through the material in this direction will experience near maximum polarizability anisotropy
of the phenpy units. The γ angle is only 1.5◦ and so any decreased polarizability anisotropy
from this deviation is negligible. Thus, all three key angles approach the ideal values,
accounting for the very large ∆n.
In support of this, examining the crystal orientation with respect to the compensator
orientation during the ∆n measurement reveals that the higher refractive index is indeed
along the a-axis (Figure 5.10), consistent with a higher polarizability in this direction
(approximately parallel to the αx tensor component). Therefore, the birefringence is a
measure of the difference in refractive index between the in-plane and perpendicular direction
of the phenpy ligand (as indicated by the indicatrix projection in Figure 5.10) and thus the
measured values are likely the maximum possible ∆n.
Although comparisons between M(phenpy)(H2O)[Au(CN)2]2·2H2O and M(phenpy)-
[Au(CN)2]2 should only be made with care as the crystals are not isostructural, we can
rationalize the differences in ∆n values by reference to their β values (Figure 5.11). Whereas
both structures have a small phenpy tilt angle (γ), the M(phenpy)[Au(CN)2]2 structure has
a much larger β value (60 ◦) verses that of M(phenpy)(H2O)[Au(CN)2]2·2H2O (6 ◦). The
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large β value for M(phenpy)[Au(CN)2]2 indicates that the major contributor to the in-plane
refractive index is αy, which, as already noted, is only two thirds the magnitude of αx,
leading to a diminished birefringence.
(a) (b)
(c)
Figure 5.10: Crystals of a) Cd(phenpy)(H2O)[Au(CN)2]2·2H2O and b) Zn(phenpy)(H2O)-
[Au(CN)2]2·2H2O under crossed polarizers near the point of full compensation with a Berek
compensator. b) Phenpy packing in the structure of M(phenpy)(H2O)[Au(CN)2]2, looking
down the birefringence measurement view (b-axis) and an approximate representation of the
indicatrix superimposed on this face. Notice the face-to-face alignment of phenpy ligands.
The metals, cyanides, and water units have been removed for clarity. Atom colours: Blue:
N, Gray: C.
In summary, as hypothesized in the ligand design, extending the pi - system increased
the anisotropy of the ligand, while still allowing good alignment. Since the M(phenpy)-
(H2O)[Au(CN)2]2·2H2O materials meet all design four criteria, the resulting ∆n values are
extremely high. However, these values are below or on par with those containing BBP,
suggesting that BBP is a better building block for creating highly birefringent materials due
to a higher polarizability anisotropy of the ligand (see section 6.1 for more discussion).
5.2.8 Birefringence of In(phenpy)(Cl)2[Au(CN)2]·0.5H2O
The measured birefringence of In(phenpy)(Cl)2[Au(CN)2]·0.5H2O is 0.50(3). The crystals
of In(phenpy)(Cl)2[Au(CN)2]·0.5H2O have plate morphology and are monoclinic, growing
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(a) (b)
Figure 5.11: Orientation of phenpy units relative to the birefringence axis for a) M(phenpy)-
[Au(CN)2]2 b) M(phenpy)(H2O)[Au(CN)2]2·2H2O. Only phenpy units shown for clarity.
Atom colours: Blue: N, Gray: C.
perpendicular to the b-axis. A view in this direction (Figure 5.12a) shows excellent alignment
of phenpy units (γ=1.5◦). However, the In-Cl bonds are located perpendicular to the
plane of the phenpy units, creating a decrease in the overall polarizability anisotropy of
the material. On the other hand, the [Au(CN)2]– units are parallel to the phenpy units
(Figure 5.12b), adding to the overall polarizability anisotropy of the system. This underscores
the importance of designing a structure in which the highly anisotropic components are
aligned. Figure 5.12c shows the point at which the b axis cuts each phenpy ligand, yielding
a β angle of 41◦, i.e. there is an averaging of the αx and αy contribution to the in-plane
refractive index, which again results in an observed decreased birefringence. Although
difficult to deconvolute, the combination of these opposing geometric factors likely accounts
for most of the difference in the birefringence of the In(phenpy)(Cl)2[Au(CN)2]·0.5H2O and
M(phenpy)(H2O)[Au(CN)2]2·2H2O systems.
Table 5.3: Data for structure-birefringence analysis
Compound reference α β γ ∆n
Cd(phenpy)[Au(CN)2]2 3.6 60 4.0 0.37(2)
In(phenpy)(Cl)2[Au(CN)2]·0.5H2O 4 41 0 0.50(3)
Zn(phenpy)(H2O)[Au(CN)2]2·2H2O 1.6 6 1.5 0.59(6)
Table 5.3 compiles the birefringence data as well as summarizes the relevant phenpy
orientation angles. The α and γ angles are consistently very low for all the materials and
thus are already optimized to their ideal values, ensuring that ∆n will be high. Because
these values are all of similar magnitude, they cannot explain the variations in ∆n. However,
the β values for each material correlate well in an inverse relationship with ∆n, i.e. a
higher β value leads to a lower ∆n value. In general, simplifying the structures into three
angles coupled with the polarizability anisotropy calculation results provides a meaningful
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(a) (b)
(c) (d)
Figure 5.12: Phenpy packing in the structure of In(phenpy)(Cl)2[Au(CN)2]·0.5H2O; a) A
view down the b-axis and an approximate representation of the indicatrix superimposed
on this face. Notice the face-to-face alignment of phenpy ligands. The water molecules
and [Au(CN)2]– units have been removed for clarity; b) A crystal of In(phenpy)(Cl)2-
[Au(CN)2]·0.5H2O under crossed polarizers near the point of full compensation with a Berek
compensator. c) A view down the b-axis face showing the alignment of the [Au(CN)2]– units
perpendicular to the In-Cl bonds. The water molecules and phenpy units have been removed
for clarity; d) A view of the phenpy plane relative to the b axis. The metals, cyanides,
chlorides and water units have been removed for clarity. Atom colours: Pink: In, Gold: Au,
Green: Cl, Blue: N, Gray: C.
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comparison where the difference in β values are likely the key significant factor in the
differences in ∆n values.
5.2.9 Conclusion and future work
In conclusion, an in-depth analysis of the structural differences of six phenpy-containing
compounds shows the key design elements that change the overall birefringence. Calculated
polarizability tensor components of phenpy show that the magnitudes of differences in
α, β or γ angles (Figure 5.6) change the overall polarizability anisotropy of the crystals
and thus result in a range of ∆n values; 0.37(2) (Cd(phenpy)[Au(CN)2]2), 0.50(3) (In-
(phenpy)(Cl)2[Au(CN)2]·0.5H2O), 0.56(3) and 0.59(6) (M(phenpy)(H2O)[Au(CN)2]2·2H2O
M= Cd and Zn respectively). By focusing only on the building blocks that contribute
the most polarizability anisotropy to the structure, (in this case, the phenpy molecules)
the structural analysis has been simplified, allowing for meaningful comparison of non-
isostructural structures. The addition of a carbon-carbon double bond to terpy has increased
the polarizability anisotropy of the building block, and, as all structures have reduced α
and γ angles in comparison to terpy and terpy derivative structures, this makes phenpy
more reliable, leading to an increased polarizability anisotropy within the structures and
consequently higher ∆n values that are among the highest reported for crystalline solids.
More importantly, the principles elucidated herein and the associated structural analysis
methodology can be harnessed to rationalize the properties of known materials and to design
new anisotropic materials for a wide range of optical applications.
The phenpy ligand studied here has a significant difference in the polarizability within
the plane of the ligand and therefore the ∆n values show a dependence on the β parameter.
However, if a ligand with a smaller difference in these directions (i.e. making the polarizability
distribution of the molecule more of a circular disk than an ellipsoid) can be targeted then
the beta value should become less of a factor and the ligand would be more reliable for
high ∆n in this case. Ligands fitting this criteria would be those with functionalisation
in the back position of the ligand such as the previously studied 4′-haloterpy ligands (see
section 6.1 for more details). However, although these ligands should be more reliable from
a β value perspective, they have less reliable crystal packing, thus highlighting that other
factors also play a role.
The parameters outlined were able to rationalise the differences between the similar
structures in this chapter; however, one assumption is that the ligands are coplanar. Therefore,
in order to apply this method to rationalise ∆n values in a wider range of systems, the angle
between the ligands (as described in previous chapters) is also a necessary parameter needed
to describe deviations from the ideal high birefringence structure.
119
5.3 Experimental
5.3.1 General Procedures
General procedures and information on IR, Raman and EA instruments can be found in
section 2.4.1
Matrix assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-
TOF-MS) experiments were determined with a Bruker Autoflex Speed spectrometer (Bruker
Daltonics, Bremen, Germany) equipped with a 1 kHz smartbeam-II laser. Positive ion mass
spectra were acquired typically within the 300- to 7000-m/z range. The mass spectrometer
was operated in the reflectron mode and the mass spectrum obtained for each image position
corresponds to the averaged mass spectra of a minimum of 5000 consecutive laser shots. Flex
Control 3.4 and flexAnalysis 3.4 software packages (Bruker Daltonics, Bremen, Germany)
were used to control the mass spectrometer, set spectrum parameters and visualize spectral
data. Sample were irradiated without a matrix.
Electronic spectra were obtained on a Cary 5000 spectrophotometer scanning from
200-800 nm in 1 nm intervals using methanol as the solvent.
5.3.2 Synthesis of 2-(2-pyridyl)-1,10-phenanthroline
The synthesis of phenpy was performed by M. J. Katz via a modified literature procedure
and is reported here for completeness.191 A solution of nBuLi (21 mL, 0.034 mol, 1.6 M
solution in hexane) was added to a dry ether (30 mL) solution of 2−bromopyridine (3.2 mL,
0.033 mmol) at -78 ◦C under N2. The dark red solution was stirred at -78 ◦C for 30 min
after which it was transferred to a cold (-78 ◦C), colourless, dry THF solution (60 mL) of
1,10-phenanthroline (5.0 g, 0.028 mol) under N2. The resulting dark red solution was stirred
for 30 min at -78 ◦C followed for another 2 hrs at room temperature. Approximately 30
mL of water was added dropwise to the dark red reaction mixture. The reaction mixture
turned dark green. The mixture was placed in the fridge overnight after which a pale orange
solution remained. The organic solvent was removed in vacuo and the organics extracted
with CH2Cl2. The solution was dried with Na2SO4, filtered, and concentrated in vacuo. The
crude oil was purified by column chromatography on silica with a 2:1 hexane:Et2O mixture
as the eluent. The solvent was removed in vacuo to yield an orange oil. The crude product
was recrystallized by dissolving in minimal methanol (ca. 10 mL) after which a large amount
of water was added (ca. 100 mL). A fine powder precipitated immediately. After 8 hrs the
solution was filtered, yielding a pale yellow powder of phenpy. Yield: 2.3 g (28 %). Anal.
Calcd. for C17H15N3O2: C 69.60 %; H 5.15 %; N 14.33 %. Found: C 69.23 %; H 5.08 %; N
13.89 %. 1H NMR in CDCl3 (ppm) 9.33 (dd,1H), 9.14 (d, 1H), 8.86 (d, 1H), 8.75 (d, 1H),
8.41 (d, 1H), 8.37 (dd, 1H), 7.96 (dt, 1H), 7.90 (d, 1H), 7.84 (d, 1H), 7.73 (dd, 1H), 7.39
(dd, 1H).191
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5.3.3 Synthesis of Zn(phenpy)(H2O)[Au(CN)2]2·2H2O
A pale yellow methanol solution (10 mL) of phenpy (29 mg, 0.10 mmol) was added to an
aqueous solution (10 mL) containing Zn(NO3)2·6H2O (30 mg, 0.10 mmol). A methanol/water
solution (20 mL, 1:1) of KAu(CN)2 (57 mg, 0.20 mmol) was added to the resulting yellow
solution. After 12h, plate crystals of Zn(phenpy)(H2O)[Au(CN)2]2·2H2O had formed. The
solution was allowed to slowly evaporate for 14 days after which it was filtered. Yield: 68
mg (82 %). Anal. Calcd. for C21H13N7Au2O1Zn1: C 30.07 %; H 1.56 %; N 11.69 %. Found:
C 30.01 %; H 1.64 %; N 11.43 %. IR (KBr, cm−1) 3429 s, 3067 w, 2192 (νCN , s), 2180 (νCN ,
sh, s), 2153 (νCN , s), 1581 s, 1505 m, 1500 m, 1470 w, 1427 m, 1326 m, 1254 w, 1233 w,
1202 w, 1166 w, 1147 m, 1130 w, 1035 w, 1011 m, 911 w, 893 w, 852 s, 830 m, 823 w, 776 s,
732 s, 651 s.
5.3.4 Synthesis of Mn(phenpy)(H2O)[Au(CN)2]2·2H2O
A pale yellow methanol solution (10 mL) of phenpy (29 mg, 0.10 mmol) was added to an
aqueous solution (10 mL) containing MnCl2 · 4H2O (20 mg, 0.10 mmol). A methanol/water
solution (20 mL, 1:1) of KAu(CN)2 (57 mg, 0.20 mmol) was added to the resulting yellow
solution. After 12h, plate crystals of Mn(phenpy)(H2O)[Au(CN)2]2·2H2O had formed. The
solution was allowed to slowly evaporate for 14 days after which it was filtered. Yield: 74
mg (85 %). Anal. Calcd. for C21H13N7Au2MnO · 2H2O: C 29.18 %; H 1.98 %; N 11.34 %.
Found: C 30.21 %; H 1.81 %; N 11.37 %. IR (KBr, cm−1) 3227 br, m, 3072 w, 2961 (νCN ,
w), 2172 (νCN , m), 2156 (νCN , s), 2148 (νCN , s), 1601 m, 1589 m, 1578 s, 1565 w, 1518 m,
1497 m, 1478 m, 1456 w, 1429 m, 1420 w, 1400 m, 1339 w, 1326 m, 1287 w, 1255 m, 1234 m,
1220 w, 1201 m, 1168 w, 1146 s, 1128 w, 1107 w, 1091 w, 1070 w, 1049 w, 1009 s, 905 w,
889 m, 852 s, 831 m, 823 w, 793 w, 775 w, 771 w, 745 w, 731 s.
5.3.5 Synthesis of Cd(phenpy)(H2O)[Au(CN)2]2·2H2O
A pale yellow methanol solution (10 mL) of phenpy (29 mg, 0.10 mmol) was added to an aque-
ous solution (10 mL) containing Cd(NO3)2 · 4H2O (30 mg, 0.10 mmol). A methanol/water
solution (20 mL, 1:1) of KAu(CN)2 (57 mg, 0.20 mmol) was added to the resulting yellow
solution. After 12h, plate crystals of Cd(phenpy)(H2O)[Au(CN)2]2·2H2O had formed. The
solution was allowed to slowly evaporate for 14 days after which the product was filtered.
Yield: 74 mg (84%). Anal. Calcd. for C21H13N7Au2CdO · H2O: C 27.91 %; H 1.67 %; N
10.85 %. Found: C 27.71 %; H 1.62 %; N 10.80 %. IR (KBr, cm−1) 3429 m, 3088 w, 3062 w,
3048 w, 3014 w, 2991 (νCN , w), 2178 (νCN , w), 2143 (νCN , s), 1587 m, 1516 m, 1494 m,
1470 m, 1435 w, 1425 m, 1396 m, 1337 w, 1322 m, 1255 w, 1230 w, 1218 m, 1199 m, 1144 m,
1126 m, 1104 w, 1092 w, 1068 w, 1045 w, 1038 w, 1009 m, 903 w, 888 m, 857 s, 834 m, 821
m, 795 w, 778 s, 768 s, 743 w, 732 s, 648 s, 582 m, 418 s.
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5.3.6 Synthesis of Mn(phenpy)[Au(CN)2]2
MnCl2 · 4H2O (20 mg, 0.1 mmol), Phenpy (29 mg, 0.1 mmol) and KAu(CN)2 (57 mg, 0.2
mmol) were added to a 5 mL ampoule with 3 mL water, which was then sealed under reduced
pressure and heated to 120 ◦C for 12 hours before cooling slowly over 60 hours. The resulting
solution was filtered under vacuum and washed with methanol to give yellow plate crystals
of Mn(phenpy)[Au(CN)2]2. Yield: 44 mg (54 %). Anal. Calcd. for C21H10N7MnAu2: C
31.15 %; H 1.25 %; N 12.12 %. Found: C 30.98 %; H 1.30 %; N 11.80 %. IR (ATR, cm−1)
3431 br, 2178 (νCN , s), 2166 (νCN , vs), 2151 (νCN , s), 1619 m, 1601 m, 1587 ms, 1578 s,
1518 m, 1497 m, 1478 m, 1431 m, 1400 m, 1326 w, 1289 vw, 1252 w, 1228 w, 1199 vw, 1148
ms, 1127 m, 1091 m, 1047 w, 1010 m, 886 m, 851 ms, 828 m, 771 s, 732 vs. Raman (785nm,
a: 1, %lp: 10, cm−1) 2183 (νCN , vs), 1602 s, 1568 m, 1516 s, 1477 m, 1458 ms, 1429 m, 1339
m, 1293 s, 1253 w, 1142 vw, 1068 vw, 1039 w, 1008 s, 896 w, 888 w, 770 m, 730 m, 699 w,
581 w, 518 w, 4323 w, 318 m, 265 vw, 211 w, 156 m.
5.3.7 Synthesis of Cd(phenpy)[Au(CN)2]2
Cd(NO3)2 · 4H2O (30 mg, 0.1 mmol), Phenpy (29 mg, 0.1 mmol) and KAu(CN)2 (57 mg,
0.2 mmol) were added to a 5 mL ampoule with 3 mL water, which was then sealed under
reduced pressure and heated to 120 ◦C for 12 hours before cooling slowly over 60 hours. The
resulting solution was filtered under vacuum and washed with methanol to give yellow plate
crystals of Cd(phenpy)[Au(CN)2]2. Yield: 29 mg (33 %). Anal. Calcd. for C21H10N7CdAu2:
C 29.03 %; H 1.16 %; N 11.29 %. Found: C 29.19 %; H 1.31 %; N 11.21 %. IR (ATR, cm−1)
3543 br, 2185 (νCN , s), 2163 (νCN , vs), 2154 (νCN , s), 1619 m, 1601 m, 1589 ms, 1578 ms,
1567 m, 1539 w, 1516 m, 1497 ms, 1475 m, 1434 m, 1425 m, 1400 m, 1339 w, 1324 m, 1290
w, 1256 m, 1234 m, 1201 w, 1170 w, 1149 ms, 1127 m, 1109 w, 1090 w, 1050 w, 1011 m, 890
m, 850 s, 826 m, 769 s, 731 vs. Raman (785nm, a: 1, %lp: 5, cm−1) 2179 (νCN , s), 1604 s,
1576 m, 1516 s, 1456 m, 1416 ms, 1341 m, 1290 s, 1219 w, 1036 w, 1010 m, 729 w, 530 w,
427 w, 309 w, 158 m.
5.3.8 Synthesis of In(phenpy)(Cl)2[Au(CN)2]·0.5H2O
A pale yellow methanol solution (10 mL) of Phenpy (29 mg, 0.1 mmol) was added to an
aqueous solution (10 mL) containing InCl3 · 3H2O (28 mg, 0.1 mmol). A methanol/water
solution (20 mL, 1:1) of KAu(CN)2 (84 mg, 0.3 mmol) was added to the resulting solution.
The solution was allowed to evaporate over 3 weeks giving yellow plate crystals of In(phenpy)-
(Cl)2[Au(CN)2]·0.5H2O. Yield: 49 mg (69 %). Anal. Calcd. for C19H11N5InCl2Au(H2O)0.5:
C 32.55 %; H 1.73 %; N 9.99 %. Found: C 32.48 %; H 1.85 %; N 10.07 %. MALDI MS M+:
442.206, 424.265. Calcd. for In(phenpy)Cl2 441.94 Calcd. for In(phenpy)Cl(OH) 423.97. IR
(ATR, cm−1) 3540 br, s, 3438 br, s, 3077 br, m, 2148 (νCN , m), 1621 m, 1598 m, 1583 s,
1521 w, 1500 m, 1479 m, 1437 m, 1428 m, 1406 m, 1329 w, 1262 w, 1232 w, 1202 w, 1172 w,
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1154 m, 1131 w, 1105 w, 1095 w, 1021 m, 893 m, 858 s, 777 s, 727 vs. Raman (785nm, a: 1,
%lp: 10, cm−1) 2163 (νCN , m), 1607 s, 1567 m, 1521 ms, 1479 m, 1460 m, 1428 m, 1418 m,
1353 m, 1331 m, 1298 s, 1262 w, 1236 vw, 1172 vw, 1111 vw, 1072 vw, 1040 w, 1019 ms, 893
vw, 777 m, 736 m, 640 vw, 585 vw, 519 w, 442 w, 425 w, 308 w, 296 w, 281 w, 260 w, 206 w,
182 w, 140 m, 120 m.
5.3.9 Measurement of birefringence
Birefringence measurements were performed as per the method outlined in Section 2.4.8.
For each sample, multiple crystals were measured with typical thickness dimensions of 6-17
µm, 5-10 µm and 17-23 µm for Cd(phenpy)[Au(CN)2]2, M(phenpy)(H2O)[Au(CN)2]2·2H2O
(M=Zn, Mn, Cd) and In(phenpy)(Cl)2[Au(CN)2]·0.5H2O respectively.
5.3.10 Single crystal X-ray diffraction structure determinations
Structures Cd(phenpy)[Au(CN)2]2 and Mn(phenpy)[Au(CN)2]2 were collected through the
SCrALS (Service Crystallography at Advanced Light Source) program at the Small-Crystal
Crystallography Beamline 11.3.1 at the Advanced Light Source (ALS), Lawrence Berkeley
National Laboratory. Structures In(phenpy)(Cl)2[Au(CN)2]·0.5H2O and M(phenpy)(H2O)-
[Au(CN)2]2·2H2O (M=Mn, Zn and Cd) were collected at STP on a Bruker SMART APEX
II Duo CCD diffractometer with TRIUMPH graphite monochromated Mo Kα radiation (λ =
0.71073 Å). Crystals were covered with Paratone oil, mounted on a MiTe-Gen sample holder
and rapidly placed into the cold N2 stream of the Kryo-Flex low-temperature device. The
data for all compounds was processed and presented according to the details in Section 2.4.9.
All structures except Mn(phenpy)[Au(CN)2]2 give poor diffraction patterns despite collection
using a synchrotron source, and thus the structural models are of poor quality. Additional
crystallographic information can be found in Table 5.4 and in the cif file accompanying the
electronic version of this thesis.
In the case of In(phenpy)(Cl)2[Au(CN)2]·0.5H2O the pyridine bridge in the phenpy unit
is disordered over two sites; C16 and C17 0.27 occupancy, C18 and C19 0.73 occupancy.
Rotax analysis found a nonmerohedral twin by an 180◦ rotation about the [001] direction in
real space.
5.3.11 Calculations
An energy calculation was performed using the Gaussian 09 program,105 the B3LYP func-
tional,192 and the 6-31G** basis set with the keyword ’Polar’ on all atoms. The atom
coordinates for phenpy were taken from the structure of Cd(phenpy)(H2O)[Au(CN)2]2-
·2H2O.
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Chapter 6
Increasing the molecular
anisotropy of
2,6-bis(benzimidazole)pyridine
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6.1 Introduction1
Disclaimer: The results in this chapter are largely preliminary, with most samples suffering
from problems with bulk purity. However, all of the analyse presented here are based on
single crystals and are therefore unaffected by bulk purity.
Previous chapters have investigated the effect of replacing terpy with phenpy and BBP
ligands, leading to materials with greater birefringence values. To further investigate the
effect of incorporating ligands with an increased molecular polarizability anisotropy, BBP
derivatives containing additional polarisable groups were next targeted. BBP is an ideal
framework to investigate these effects, due to the ease of synthesis of derivatives, especially
compared to terpy or phenpy. In order to better determine which derivatives should be
investigated, molecular polarizability calculations provide a measure of the anisotropy of
each ligand without the need to first synthesize them (see section 1.5.5 for more details). In
each case, the molecule coordinates were taken from crystal structures or where structures
are unavailable, the coordinates from the structure of BBP were modified, then the molecule
constrained to be planar to give the largest possible anisotropy. The molecular axes were
also fixed to have the Y direction parallel to the central pyridine ring and the X and Z
directions parallel and orthogonal to the plane of the ligand, as shown in Figure 6.1.
Figure 6.1: Molecular axes used for polarizabilty calculations
The polarizability calculation (DFT B3LYP 6-31G**) results for the ligands depicted
in Figure 6.2 are summarised in Table 6.1. The ideal case is when the difference between
two components is maximised. In all cases, the difference in X and Z directions is the
largest anisotropy and is therefore included in the final column to allow for easy comparison.
1The studies of BNP and TMBPP within this chapter were contributed to and reproduced with permission
of Bryton Varju and Sean Laxton.
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Figure 6.2: The ligands under investigation via polarizability calculations.
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Table 6.1: Molecular polarizability tensors for a selection of BBP derivative molecules (in
a.u., 1 a.u.= 1.649 x 10−41 C2 m2 J−1)
Ligand X Y Z X-Y Y-Z X-Z
Terpy 264.027 186.156 55.994 77.871 130.162 208.033
4′ClTerpy 261.719 222.204 60.562 39.515 161.642 201.157
4′BrTerpy 261.885 236.171 65.806 25.714 170.365 196.079
Phenpy 352.094 223.754 61.356 128.34 162.398 290.738
BBP 376.078 271.355 72.182 104.723 199.173 303.896
MBBP 387.388 301.780 85.974 85.608 215.806 301.414
BBTP 381.257 305.726 84.626 75.531 221.100 296.631
diClBBP*† 435.995 310.675 81.797 125.320 228.878 354.198
diBrBBP*† 460.770 328.285 92.262 132.485 236.023 368.508
TClBBP* 484.283 343.364 90.650 140.919 252.714 393.633
TBrBBP* 529.981 376.857 110.348 153.124 266.509 419.633
TMBBP* 490.127 309.894 101.482 180.233 208.412 388.645
BNP* 622.836 377.652 96.361 245.184 281.291 526.475
† Calculations were conducted for each of the four possible conformations of the dihaloBBP
ligands and the average taken. * diClBBP=2,6-bis(5/6-chloro-benzimidazole)pyridine;
diBrBBP=2,6-bis(5/6-bromo-benzimidazole)pyridine;
TClBBP=2,6-bis(5,6-dichloro-benzimidazole)pyridine;
TBrBBP=2,6-bis(5,6-dibromo-benzimidazole)pyridine;
TMBBP=2,6-bis(5,6-dimethyl-benzimidazole)pyridine;
BNP=2,6-bis(napthoimidazole)pyridine.
Although the terpy derivatives have a large disparity between X and Z directions they have
the lowest anisotropies of all the ligands in this set. The previously targeted 4′-Cl and 4′-Br
terpy do not, in fact, increase the polarizability anisotropy since the X component remains
unchanged. However, the Y component is increased significantly making it more isotropic in
the X-Y plane. This makes the ligand more reliable for high birefringence values, as now
the projection onto the indicatrix will have similar birefringence values for X-Z or Y-Z (or
some combination of X and Y vs Z, i.e. making the β value less important). Therefore, the
measurement direction becomes less critical to obtaining a high value.
Phenpy, BBP, MBBP and BBTP all have similar X-Z values that are significantly higher
than those of terpy derivatives. This is expected for BBP, MBBP and BBTP given the
extra conjugated rings added, however less so for phenpy given that only one double bond
is added (albeit forming another conjugated ring). Interestingly, the BBP derivatives are
more isotropic in the X-Y plane (as shown by the X-Y values) than phenpy, likely because
the benzimidazole groups are elongated (in comparison to pyridine rings) on an angle from
the central pyridine, thus contributing to both the X and Y directions. Building on the
haloterpy examples, in order to increase the overall anisotropy of the ligands, substitutions
to the 5 and 6 positions of the benzimidazole ring will add additional polarizability in mainly
the X direction, thereby increasing the largest tensor component. There are several possible
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functional groups that could be added including halogens, methyl groups or transforming the
ring into a napthylimidazole group. Calculations on these examples show a logical increase
in the anisotropy correlating to the number of halogens, and bromine derivatives showing a
greater anisotropy than chlorine analogues. The largest anisotropy occurs for BNP, which
therefore was the preferred candidate for creating highly birefringent materials among these
choices.
6.2 Synthesis of ligands
With these calculations in mind, the synthesis of the dihalo-, tetrahalo- and tetramethyl-BBP
derivatives, as well as BNP, were targeted and are outlined in this section.
6.2.1 Synthesis of haloBBP derivatives
The synthesise of various haloBBP derivatives have been outlined by several groups, with
Wang et al. reporting the synthesis of 2,6-Bis(5-fluorobenzimiadzole)pyridine193 (Scheme 6.1),
Piguet et al. the synthesis of 2,6-bis[1-(3-methylbutyl)-5-bromobenzimidazole]pyridine194
(Scheme 6.2) and recently Neyts et al.195 reported a large library of BBP derivatives including
2,6-bis(5/6-chloro-benzimidazole)pyridine (diClBBP), 2,6-bis(5/6-bromo-benzimidazole)-
pyridine (diBrBBP) and 2,6-bis(5,6-dichloro-benzimidazole)pyridine (TClBBP) analogues
via a similar synthesis to the original BBP by Addison et al..108 However, no experimental
or characterisation details were given (Scheme 6.3).
Scheme 6.1: Reaction scheme for the synthesis of 2,6-Bis(5-fluorobenzimiadzole) pyridine.193
Attempts to adapt the method by Wang et al.193 for diClBBP were unsuccessful, rather
yielding mainly starting materials. Thus a method similar to that of Piguet et al.194 above
but which was adapted from the synthesis of another BBP derivative, also by Piguet et
al.196,197 and is outlined in Scheme 6.4.
The synthesis pathway involves the reaction of 2,6-pyridinedicarbonyl dichloride with
the appropriate substituted nitroaniline to make the intermediate bis(amide) compound.
These new compounds were isolated and used without further purification. The pathway was
completed through the in situ reduction of the nitro group with iron, followed by cyclisation
to form the benzimidazole ring. Due to the presence of Fe3+, the BBP is incorporated in an
iron complex, which after reflux in EDTA (to sequester the iron) gives the desired product.
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Scheme 6.2: Reaction scheme for the synthesis of 2,6-bis[1-(3-methylbutyl)-5-
bromobenzimidazole]pyridine.194
Scheme 6.3: Reaction scheme for the synthesis of haloBBP derivatives by Neyts et al.195.
In the case of diClBBP and diBrBBP, due to the acidic nature of the imidazole proton,
which tautomerizes between the two imidazole nitrogen atoms, both tautomers (2,6-bis(5--
chloro-benzimidazole)pyridine and 2,6-bis(6-chloro-benzimidazole)pyridine) are present in
solution (Scheme 6.5). For clarity, only (2,6-bis(5-chloro-benzimidazole)pyridine is shown in
this thesis.
All compounds were analysed via 1H NMR, IR, EA and mass spectrometry. However,
the low solubility of diBrBBP and TClBBP prevented their characterisation by 13C NMR.
TClBBP was also crystallised via slow cooling from a DMSO-d6 solution in an NMR tube,
with the crystal structure shown in Figure 6.3. The structure contains one equivalent of
DMSO hydrogen bonded to the two imidazole NH groups (2.926(4) and 2.943(4) Å for N1-
H1...O1 and N4-H4...O1 respectively). Once again the need for an ordered scaffold to align
the anisotropic ligands is highlighted in the crystal packing of TClBBP units (Figure 6.3b),
with a 65.7◦ angle between TClBBP planes.
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Scheme 6.4: The synthesis employed to make diClBBP, diBrBBP and TClBBP derivatives.
Scheme 6.5: The tautomerization of halo-benzimidazole derivatives in solution.
6.2.2 Synthesis of TMBBP and BNP
The synthesis of TMBBP is known108,110,198 and was reproduced via the reaction of 4,5-
dimethyl-1,2-phenylenediamine with 2,6-pyridine dicarboxylic acid in polyphosphoric acid to
result in a beige powder. Crystals of TMBBP were formed via solvothermal recrystallisation
in acetonitrile. The structure contains one water molecule per TMBBP unit which acts as a
hydrogen bonding donor and acceptor to both imidazole groups (Figure 6.4). In this case,
the angle between TMBBP units is 23.5◦.
The synthesis of BNP was reported by Revankar et al..199 However, this method was
unsuccessful in our hands; thus the procedure was modified to one similar to the BBP
synthesis and is described in more detail in the experimental section. BNP readily crystallises,
leading to orange crystals of BNP forming from slow evaporation from ethyl acetate and also
as a side product from metal complexation reactions in acetonitrile (See the experimental
section for more details). In each case, the solvent molecule is involved in hydrogen bonding
interactions to the imidazole groups (Figure 6.5). The BNP units pack together with 49.0◦
and 68.6◦ angles between planes for water and acetonitrile respectively.
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(a)
(b)
Figure 6.3: a) The molecular structure of TClBBP. b) The packing of TClBBP units. Atom
colours: Yellow: S, Red: O, Green: Cl, Blue: N, Gray: C, White: H.
Figure 6.4: The crystal structure of TMBBP.
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(a) (b)
Figure 6.5: a) The crystal structure of BNP containing MeCN. b) A pseudo polymorph of
BNP containing a water molecule. Atom colours: Red: O, Blue: N, Gray: C, White: H.
Due to the colour exhibited by the two ligands, the absorption characteristics of the
ligands were analysed via UV-vis spectroscopy. The spectrum of TMBBP (Figure 6.6a)
shows an onset of absorption at ∼370 nm, whereas BNP (Figure 6.6b) shows absorption
starting at ∼410 nm. Whilst these absorption characteristics should not cause resonance
enhancement of the birefringence at 546(10) and 650(20) nm, the colour of the crystals,
particularly those containing BNP, could cause problems when measuring the birefringence
(See sections 1.1 and 1.5.3 for more details).
(a) (b)
Figure 6.6: The UV-vis spectrum of a) TMBBP and b) BNP in THF at 0.0550 mM and
0.00194 mM respectively.
6.3 Europium coordination polymers with haloBBP ligands
6.3.1 Synthesis of Eu(diClBBP)(NO3)2[Au(CN)2]·(CH3CN)
The first attempts to make coordination compounds incorporating the haloBBP derivatives
included attempting reactions that were successful for BBP. Analogous to that described
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in Chapter 4, the solvothermal reaction of europium nitrate with diClBBP and potassium
dicyanoaurate in acetonitrile results in pale yellow crystals of Eu(diClBBP)(NO3)2[Au(CN)2]-
·(CH3CN). The structure is isostructural with that of Eu(BBP)(NO3)2[Au(CN)2]·(CH3CN),
with a Eu(III) centre containing one tridentate diClBBP, two nitrate ligands and a bridging
[Au(CN)2]– unit (Figure 6.7, Selected bond lengths can be found in Table 6.3). The unit
cell parameters are similar but slightly expanded for the diClBBP structure, as expected
due to the incorporation of the chloro groups (Table 6.2). The structure shows a scrambling
of the chloro position in relation to the NH group, which translates into disorder in the solid
state structure. This is due to the tautomerisation of the imidazole proton in solution (as
discussed in section 6.2.1). Therefore, when the crystallisation takes place, there is an equal
opportunity, barring interactions favouring one site over the other, for either isomer to be
incorporated into the structure. The disorder is modelled over Cl1/Cl2 and Cl3/Cl4, where
the occupancy was refined to be (0.42:0.58) and (0.63:0.37) respectively.
Figure 6.7: The structure of Eu(diClBBP)(NO3)2[Au(CN)2]·(CH3CN) viewed along the
[001] direction: A 1D coordination polymer topology through bridging [Au(CN)2]– units.
Chloro groups are disordered over sites Cl1/Cl2 (0.42:0.58) and Cl3/Cl4 (0.63:0.37). Atom
colours: Light Grey: Eu, Gold: Au, Green: Cl, Red: O, Blue: N, Gray: C, White: H.
Surprisingly, in the case of Eu(diClBBP)(NO3)2[Au(CN)2]·(CH3CN), the major growth
face direction is perpendicular to the (010) face, which is different than that of Eu(BBP)-
(NO3)2[Au(CN)2]·(CH3CN) (growth face (001)). A view of this face (Figure 6.8a) still shows
the diClBBP ligands approximately edge-on (γ = 11.7◦, see section 5.2.4 for more details).
However, the β angle is high (74.8◦) resulting in the chloro groups pointed in and out of the
page, leading to only a small contribution to the birefringence of this face, i.e. the addition of
the chloro groups does not impact the ∆n of this face. By comparison, the birefringence view
for Eu(BBP)(NO3)2[Au(CN)2]·(CH3CN) shows the phenyl groups edge on and pointed up
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Table 6.2: Unit cell comparison of Eu(BBP)(NO3)2[Au(CN)2]·(CH3CN) and Eu(diClBBP)-
(NO3)2[Au(CN)2]·(CH3CN).
Unit cell parameter BBP analogue diClBBP analogue
a (Å) 10.8762(2) 10.983(4)
b (Å) 10.9064(2) 11.320(4)
c (Å) 12.2510(2) 12.513(4)
α (◦) 75.9520(10) 79.746(6)
β (◦) 76.2750(10) 73.980(5)
γ (◦) 78.3780(10) 79.571(5)
V (Å3) 1353.45(4) 1457.1(8)
and down (γ = 22.5, β = 13.6), thus, if the diClBBP analogue had crystallised in the same
manner, then the chloro groups would have contributed to the birefringence (Figure 6.8b).
(a)
(b)
Figure 6.8: A view of the major growth face direction of a) the (010) face of Eu(diClBBP)-
(NO3)2[Au(CN)2]·(CH3CN) b) the (001) face of Eu(BBP)(NO3)2[Au(CN)2]·(CH3CN). The
chloro groups in a) point in and out of the page and thus do not contribute significantly to
the birefringence but would contribute in the BBP-containing structure (b) primary growth
face. Atom colours: Light Grey: Eu, Gold: Au, Green: Cl, Red: O, Blue: N, Gray: C.
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Table 6.3: Selected bond lengths for Eu(diClBBP)x(BBP)y(NO3)2[Au(CN)2]·(CH3CN) (in
Å)
x:y 1:0 0.25:0.75 0.4:0.6
Bond
Eu1-N1 2.575(15) 2.507(5) 2.47(3)
Eu1-N3 2.568(12) 2.577(5) 2.62(3)
Eu1-N4 2.462(13) 2.521(5) 2.56(3)
Eu1-N6 2.575(14) 2.532(5) 2.47(2)
Eu1-N7a 2.552(16) 2.495(5) 2.52(3)
Eu1-N8 2.904(17) 2.889(6) 2.94(3)
Eu1-N9 2.820(17) 2.916(5) 2.92(3)
Eu1-O1 2.453(13) 2.484(5) 2.49(2)
Eu1-O2 2.474(11) 2.447(5) 2.45(2)
Eu1-O4 2.402(12) 2.495(4) 2.48(2)
Eu1-O5 2.516(12) 2.480(4) 2.58(2)
Interaction
N2-H2A...N10 2.95(2) 2.890(9) 2.88(5)
N5-H5A...O1b 2.853(19) 2.839(7) 2.79(4)
† Symmetry operations: a: 1+x, +y, +z, b: -x+2, -y+1, -z+1.
6.3.2 Synthesis of Eu(diClBBP)x(BBP)y(NO3)2[Au(CN)2]·(CH3CN) and
Eu(diBrBBP)x(BBP)y(NO3)2[Au(CN)2]·(CH3CN) solid solution com-
pounds
As the structures are isostructural with very similar unit cell parameters, a compound
containing a solid solution of both BBP and diClBBP was targeted to investigate the effect
of doping on the crystal growth direction, toward the goal of inducing the diClBBP to
crystallise with the desired crystal growth morphology. Solid solutions containing mixtures
of ligands with different functional groups have been targeted in the form of multivariate
MOFs.200–203 These materials incorporate mixtures of linking units that have the same metal
binding motif and shape, thereby resulting in the same overall topology, but have different
functionalisations on the aromatic cores (such as H, NH2, NO2 and OMe). The resulting
MOFs have shown an improvement in desired properties (such as CO2 and H2 uptake or gas
separation selectivity) as compared to the pure forms.200,204 To my knowledge, this strategy
has not yet been applied to influence the crystal morphology of coordination polymers.
Thus, repeating the solvothermal reaction with a ratio of 0.25:0.75 for diClBBP:BBP
leads to crystals of Eu(diClBBP)0.25(BBP)0.75(NO3)2[Au(CN)2]·(CH3CN). The actual ratio
of diClBBP to BBP in the crystal (0.25:0.75) was determined by optimising the occupancy of
the Cl groups until the R value is minimised. Similarly, changing the ratio to a 50:50 mixture
results in crystals of Eu(diClBBP)0.4(BBP)0.6(NO3)2[Au(CN)2]·(CH3CN). Differences in
the added ratio and resulting ratio could be due to the poor structure model, phase separation
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or errors related to conducting tests on a small scale; further tests need to be conducted in
order to determine the reproducibility.
The addition of higher ratios of diClBBP resulted in a poorer diffraction pattern, likely
due to poorer packing of the ligands, resulting in lower quality crystals, and therefore a higher
error in the structural model. The unit cell parameters for these two blended materials, as well
as for Eu(BBP)(NO3)2[Au(CN)2]·(CH3CN) and Eu(diClBBP)(NO3)2[Au(CN)2]·(CH3CN),
are collected in Table 6.4. Analysing each parameter, it is found that the values for the
blended structures lie between those of each pure compound, providing further evidence of
the formation of a solid solution compound. Analysing the structure for each blend, it is
found that the major crystal growth face direction is indeed perpendicular to the (001) face,
and thus is different from the pure diClBBP-based material, indicating that blending BBP
into the structure actually can control the crystal growth face direction.
Table 6.4: Unit cell comparison of different solid solutions of Eu(diClBBP)x(BBP)y(NO3)2-
[Au(CN)2]·(CH3CN) and disorder ratios of the chloro groups on diClBBP.
x:y 0:1 0.25:0.75 0.4:0.6 1:0
Unit cell parameter
a (Å) 10.8762(2) 10.922(3) 10.933(4) 10.983(4)
b (Å) 10.9064(2) 11.019(3) 11.109(5) 11.320(4)
c (Å) 12.2510(2) 12.258(3) 12.295(5) 12.513(4)
α (◦) 75.9520(10) 77.163(4) 78.321(9) 79.746(6)
β (◦) 76.2750(10) 75.032(4) 74.320(6) 73.980(5)
γ (◦) 78.3780(10) 79.424(4) 79.871(6) 79.571(5)
V (Å3) 1353.45(4) 1377.1(6) 1396.3(10) 1457.1(8)
Cl1:Cl2 N/A 0.55:0.45 0.38:0.62 0.42:0.58
Cl3:Cl4 N/A 0.32:0.58 0.65:0.35 0.63:0.37
Attempts to grow crystals of the pure diBrBBP-containing analogue (i.e. Eu(diBrBBP)-
(NO3)2[Au(CN)2]·(CH3CN)) under the same conditions were unsuccessful. However at-
tempts to make blended structures containing diBrBBP and BBP were successful for the
diBrBBP:BBP ratios of 0.25:0.75 and 0.6:0.4 (Selected bond lengths can be found in Ta-
ble 6.5). In this case, there is no pure diBrBBP-containing analogue with which to compare
to, however, the unit cell parameters do become larger with a larger diBrBBP percentage
blend (Table 6.6). Once again, the major growth face of the material is perpendicular to the
(001) face, meaning that the bromo groups will contribute to the ∆n of the face.
In order to quantify the impact on the ∆n of doping the haloBBP ligands into the
structure, birefringence measurements were attempted. Unfortunately, crystals suitable
for measurement could only be synthesized for Eu(diBrBBP)0.25(BBP)0.75(NO3)2[Au(CN)2]-
·(CH3CN). The birefringence of the (001) face was found to be 0.577(11). This value is
within experimental error with that of Eu(BBP)(NO3)2[Au(CN)2]·(CH3CN) (the pure BBP
structure) in Chapter 4 of 0.57(3). This is surprising given the additional polarizability
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Table 6.5: Selected bond lengths for Eu(diBrBBP)x(BBP)y(NO3)2[Au(CN)2]·(CH3CN) (in
Å)
x:y 0.25:0.75 0.6:0.4
Bond
Eu1-N1 2.519(12) 2.477(19)
Eu1-N3 2.565(13) 2.59(2)
Eu1-N4 2.522(14) 2.54(2)
Eu1-N6 2.492(12) 2.46(2)
Eu1-N7a 2.543(12) 2.57(2)
Eu1-N8 2.865(17) 2.92(2)
Eu1-N9 2.925(13) 2.90(2)
Eu1-O1 2.442(11) 2.562(18)
Eu1-O2 2.488(13) 2.436(16)
Eu1-O4 2.499(11) 2.500(16)
Eu1-O5 2.498(10) 2.469(16)
Interaction 0.25diBrBBP 0.6diBrBBP
N2-H2...O4b 2.810(17) 2.78(3)
N5-H5...N10 2.86(3) 2.89(4)
† Symmetry operations: a: 1+x, +y, +z, b: -x+2, -y+1, -z+1.
Table 6.6: Unit cell comparison of different solid solutions of Eu(diBrBBP)x(BBP)y(NO3)2-
[Au(CN)2]·(CH3CN) and disorder ratios of the bromo groups on diBrBBP.
x:y 0:1 0.25:0.75 0.6:0.4
Unit cell parameter
a (Å) 10.8762(2) 10.967(3) 10.9692(14)
b (Å) 10.9064(2) 11.129(3) 11.2701(14)
c (Å) 12.2510(2) 12.306(4) 12.4311(16)
α (◦) 75.9520(10) 78.274(5) 80.078(4)
β (◦) 76.2750(10) 74.191(5) 72.313(4)
γ (◦) 78.3780(10) 80.014(5) 79.865(4)
V (Å3) 1353.45(4) 1403.9(7) 1429.7(3)
Br1:Br2 N/A 0.61:0.39 0.67:0.23
Br3:Br4 N/A 0.64:0.36 0.41:0.59
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anisotropy of the BrBBP ligand (Table 6.1). However, as discussed in Chapter 4 the
measurement view is not the most optimised case, as the ligand creates an angle of 67.5◦
to the (001) face (γ = 22.5). This deviation dilutes the polarizability gains of the bromine
groups, which in combination with the 25% doping, could explain the minimal observed
change in birefringence that we cannot differentiate, especially given the large error in
the Eu(BBP)(NO3)2[Au(CN)2]·(CH3CN) value. Further attempts to grow better crystals
of materials with higher amounts of dihaloBBP-doping that are suitable for birefringence
measurements may lead to a higher birefringence value.
Table 6.7: Birefringence analysis angles for Eu(diClBBP)x(BBP)y(NO3)2[Au(CN)2]-
·(CH3CN) and Eu(diBrBBP)x(BBP)y(NO3)2[Au(CN)2]·(CH3CN) compounds (in ◦).
Compound α β γ
BBP 5.26, 0.6 13.6 22.5
DiClBBP 7.98, 3.35 74.8 11.7
0.25DiClBBP 1.61, 3.83 13.4 23.4
0.4DiClBBP 2.90, 6.79 13.1 23.6
0.25DiBrBBP 0.35, 0.13 13.1 24.4
0.6DiBrBBP 1.45 2.95 11.5 25.6
6.3.3 Synthesis of Eu(TClBBP)(NO3)2[Au(CN)2]·(CH3CN)
Switching from the dihaloBBP ligands to TClBBP and synthesizing under the same con-
ditions leads to Eu(TClBBP)(NO3)2[Au(CN)2]·(CH3CN), which has the same structural
components but crystallises into a different topology. The structure contains a Eu centre
with one TClBBP ligand, two N-cyano bound [Au(CN)2]– units and two nitrate ligands
(Figure 6.9a, selected bond lengths can be found in Table 6.8). The structure extends into a
1D zig-zag chain (different from the linear chain of Eu(BBP)(NO3)2[Au(CN)2]·(CH3CN))
through bridging [Au(CN)2]– units (Figure 6.7b). Crystals of Eu(TClBBP)(NO3)2[Au(CN)2]-
·(CH3CN) grow perpendicular to the (001) face. A view of this face shows planar TClBBP
units that are oriented at an angle (γ = 18◦) and as with the diClBBP analogue, has a large
β angle (76.5◦) such that the C-Cl bonds are approximately along the viewing direction,
limiting the potential contribution to the birefringence down this face (Figure 6.10).
Attempts to grow crystals of TClBBP doped into the Eu(BBP)(NO3)2[Au(CN)2]·(CH3CN)
structure were unsuccessful.
6.4 Other attempts to incorporate TClBBP into birefringent
materials
Crystals of the dihaloBBP ligand complexes were of poorer quality than those with TClBBP,
likely due to the disordered nature of the halo groups. Also, out of the haloBBP derivatives
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(a)
(b)
Figure 6.9: The crystal structure of Eu(TClBBP)(NO3)2[Au(CN)2]·(CH3CN). a) The
coordination sphere of Eu. b) A 1D chain formed through [Au(CN)2]– units. Nitrate and
solvent molecules as well as hydrogen atoms are omitted for clarity. Atom colours: Light
Grey: Eu, Gold: Au, Green: Cl, Red: O, Blue: N, Gray: C.
140
Figure 6.10: The major crystal growth face of Eu(TClBBP)(NO3)2[Au(CN)2]·(CH3CN)
(001) showing the chloro groups oriented along the birefringence measurement direction.
Only TClBBP units are shown for clarity. Atom colours: Green: Cl, Blue: N, Gray: C.
Table 6.8: Selected bond lengths for Eu(TClBBP)(NO3)2[Au(CN)2]·(CH3CN) and
Mn(TClBBP)Br2·MeOH (in Å)
Bond Eu(TClBBP)(NO3)2[Au(CN)2] Bond Mn(TClBBP)Br2·MeOH
Eu1-N1 2.550(4) Mn1-N1 2.249(4)
Eu1-N3 2.598(4) Mn1-N3 2.275(6)
Eu1-N4 2.552(4) Mn1-N4 2.246(6)
Eu1-N6 2.485(5) Mn1-Br1 2.485(1)
Eu1-N7 2.475(5) Mn1-Br2 2.578(1)
Eu1-N8 2.894(4)
Eu1-N9 2.854(4)
Eu1-O1 2.467(3)
Eu1-O2 2.521(4)
Eu1-O4 2.439(4)
Eu1-O5 2.452(4)
Interaction Eu(TClBBP)(NO3)2[Au(CN)2] Interaction Mn(TClBBP)Br2·MeOH
N2-H2...O3a 2.909(7) N2H2A-O1 2.674(17)
N5-H5...N10b 2.808(8) N2H2A-O2 2.828(9)
N5H5A-Br2c 3.250(5)
Br1-Cl1d 3.5878(19)
Br2-Cl4e 3.5658(19)
† Symmetry operations: a: -x+1, -y+1, -z+1, b: -x+1, -y+1, -z, c: -x+1, -y+1, -z+2, d: 2-x,
-y, 1-z, e: +x, -1+y, +z.
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synthesized, TClBBP has the largest polarizability anisotropy. Therefore other complexes
with this ligand were targeted. Reactions were attempted with various colourless metals
and bridging units; some of the examples that resulted in crystalline products are outlined
below.
6.4.1 Synthesis and structure of Mn(TClBBP)Br2·MeOH.
In an attempt to create structures similar to that in Chapter 2 (of the formula Mn(BBP)X2-
(MeOH)) that were found to be highly birefringent, reactions of TClBBP with manganese(II)
halide salts in methanol were attempted. Due to the low solubility of the TClBBP ligand in
methanol at room temperature, the reactions were instead carried out solvothermally. The
reaction with manganese(II) bromide resulted in pale yellow crystals of Mn(TClBBP)Br2-
·MeOH. The coordination sphere is a distorted trigonal bipyramid consisting of a tridentate
TClBBP ligand and two bromide ligands (Figure 6.11a, selected bond lengths in Table 6.8).
The structure is extended through halogen bonding interactions between Cl1 and Br1
as well as Cl4 and Br2 (Figure 6.11a and b). Hydrogen bonding interactions between Br2
and N5 (similar to those seen in BBP-based analogues) also create dimers, which are also
supported by pi- pi interactions (3.39 Å, Figure 6.11b)). All of these interactions contribute
to holding the BBP units in a planar fashion, leading to a highly anisotropic structure.
There is also a methanol solvate (disordered over two sites) acting as a hydrogen bonding
acceptor to the other NH group.
The crystals of Mn(TClBBP)Br2·MeOH are triclinic and grow perpendicular to the (100)
face. A view of this face shows TClBBP units oriented on an angle (γ = 27.3◦) and shows the
chloro groups pointing horizontally in the figure as the β angle is 0◦, representing the optimal
angle. The ring systems within the ligand are also held planar with α values of 2.79 and 1.00◦
(note there are now two α angles due to the two freely rotatable bonds to each benzimidazole
ring; see section 5.2.4 for more details). Overall this creates a highly anisotropic view with
a high polarizability along the n′′ direction and a low polarizability along the n′ direction.
Unfortunately, birefringence measurements have so far been unsuccessful due to an inability
to interpret the interference bands of the chosen crystals (see section 1.5.3). However, due
to the alignment of TClBBP ligands in the available crystal face, the value is expected to be
high.
6.4.2 Synthesis and structure of Pb(TClBBP−H)(MeOH)[Au(CN)2]
Further attempts to incorporate TClBBP included a solvothermal reaction with lead(II)
perchlorate and [Au(CN)2]– in methanol, which resulted in crystals of Pb(TClBBP−H)-
(MeOH)[Au(CN)2]. The structure consists of a six coordinate very distorted octahedral Pb(II)
centre including a tridentate TClBBP unit, one methanol, one Ncyano bound [Au(CN)2]–
and a Au bound [Au(CN)2]– (Figure 6.13a, selected bond lengths and angles in Table 6.9).
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(a)
(b)
(c)
Figure 6.11: The structure of Mn(TClBBP)Br2·MeOH. a) The coordination environment.
Weak interactions b) Halogen bonds between Cl1 and Br1 and c) Halogen and hydrogen
bonding interactions to Br2. The methanol solvate and hydrogen atoms are omitted for
clarity. Atom colours: Orchid: Mn, Brown: Br, Green: Cl, Blue: N, Gray: C.
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Figure 6.12: The major crystal growth face of Mn(TClBBP)Br2·MeOH (100). Only TClBBP
units are shown for clarity. Atom colours: Green: Cl, Blue: N, Gray: C, White: H.
Table 6.9: Selected bond lengths (in Å) and angles (in ◦) for Pb(TClBBP−H)(MeOH)-
[Au(CN)2].
Bond Lengths Interactions
Pb1-N1 2.400(9) O1H1-N2b 2.608(13)
Pb1-N3 2.549(9) N5H5A-N7c 2.822(14)
Pb1-N4 2.827(9)
Pb1-N6 2.678(10)
Pb1-O1 2.349(8)
Pb1-Au1a 3.3595(7)
Bond angles
O1-Pb1-N1 92.9(3) N3-Pb1-N4 62.3(3)
O1-Pb1-N3 76.4(3) N6-Pb1-N4 148.2(4)
N1-Pb1-N3 67.2(3) O1-Pb1-Au1a 161.9(2)
O1-Pb1-N6 73.9(4) N1-Pb1-Au1a 83.8(2)
N1-Pb1-N6 78.3(4) N3-Pb1-Au1a 118.0(2)
N3-Pb1-N6 132.5(4) N6-Pb1-Au1a 88.0(3)
O1-Pb1-N4 86.1(3) N4-Pb1-Au1a 110.0(2)
N1-Pb1-N4 128.1(3)
† Symmetry operations: a: 1-x, 1-y, 1-z, b: -x+1, -y, -z+1, c: x+1, y-1, z-1.
The distorted coordination sphere occurs due to a stereoactive lone pair on Pb(II), which
takes up space in the coordination sphere approximately trans to N1, thus creating a void
on this side. The variable bond lengths around the coordination sphere, especially those to
the two benzimidazole nitrogen donors (Pb1-N1 and Pb1-N4), which vary in length by 0.427
Å, are also indicative of Pb(II) stereoactivity. Stereoactive Pb lone pairs are known to occur
in a wide range of complexes and are usually dependent on the Lewis acidity of the ligands,
where a stronger Lewis base leads to a more distorted coordination sphere.184,205 Pb-BBP
complexes are also known to exhibit Pb lone pair stereoactivity.206
The [Au(CN)2]– unit acts as a bridging unit between two Pb centres creating a dimer
though a rare PbII -AuI bond of 3.3595(7) Å (vs. 3.68 Å for the sum of the van der Waals
radii207). The only other examples of this heterobi-metallic interaction are [Pb(en)][Au(CN)2]2
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(Pb-Au: 3.5494(5) Å),184 Au2Pb(MTP)4 208 (MTP = [CH4P(S)Ph2]–, Pb-Au: 2.896(1) and
2.963(2) Å) and, more recently, [PbHB(pz)3Au(C6Cl5)2] (Pb-Au: 3.0494(4) Å),209 which is
the first example of an unsupported PbII -AuI bond, as well as Pb(BBP)Cl[Au(CN)2].0.25H2O
(Pb-Au: 3.5760(5) Å) and [Pb(BBP)Br]2(µ-Br)[Au(CN)2] (Pb-Au: 3.6998(14) Å).206
There is only one equivalent of [Au(CN)2]– per Pb, as the TClBBP is mono-deprotonated
(N2), balancing the overall charge. The structure extends into a 1D chain through hydrogen
bonding interactions between the free Ncyano and N5 as well as between methanol O1 and
the deprotonated N2 (Figure 6.13b), both of which are also supported by pi − pi interactions
of 3.46 and 3.35 Å respectively, aiding the parallel alignment of the TCBBP units.
Crystals of Pb(TClBBP−H)(MeOH)[Au(CN)2] grow as plates perpendicular to the (010)
face. A view of this face shows edge on TClBBP units (γ= 1.7◦) in a planar configuration
(α= 0.28 and 1.85◦) with chloro groups pointing horizontally (β= 1.5◦). The near complete
optimisation of all three distortion parameters leads to an extremely anisotropic structure.
The birefringence of this face was measured both with and without the additional compensator
plate (see section 1.5.3 for more details) for crystals with thickness dimensions ranging from
15 to 25 µm and found to be a remarkable 0.912(12). This is a colossal value — among the
highest birefringence values known — three times higher than rutile and five times higher
than that of calcite, both of which are industry standards. This is the largest ∆n value
reported in this thesis and has been realised via the rational design and understanding of
structure.
Table 6.10: Selected bond lengths (in Å) and angles (in ◦) for Pb(TClBBP−H)(OH).
Bond Lengths Interactions
Pb1-N1 2.402(11) N2H2A-O1d 2.674(16)
Pb1-N3 2.405(11)
Pb1-O1 2.466(12)
Pb1-N4 2.521(13)
Pb1-N5a 2.759(13)
Pb1-Cl1b 3.640(5)
Pb1-Cl3c 3.859(5)
Bond Angles
N1-Pb1-N3 66.8(4) N1-Pb1-Cl1b 104.8(3)
N1-Pb1-O1 83.9(4) N3-Pb1-Cl1b 163.0(3)
N3-Pb1-O1 80.4(4) O1-Pb1-Cl1b 114.3(3)
N1-Pb1-N4 131.1(4) N4-Pb1-Cl1b 124.1(3)
N3-Pb1-N4 66.2(4) N5-Pb1-Cl1b 91.9(3)
O1-Pb1-N4 76.0(4) N1-Pb1-Cl3c 77.4(3)
N1-Pb1-N5 86.8(4) N3-Pb1-Cl3c 127.7(3)
N3-Pb1-N5 73.3(4) O1-Pb1-Cl3c 58.4(3)
O1-Pb1-N5 153.6(4) N4-Pb1-Cl3c 123.9(3)
N4-Pb1-N5 92.0(4) N5-Pb1-Clc3 142.5(3)
Cl1b-Pb1-Cl3c 60.64(13)
† Symmetry operations: a: 1-x, 1-y, 1-z, b: -x, -y, 2-z, c : 1-x, -y, 1-z, d: -x, -y+1, -z+1.
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(a)
(b)
Figure 6.13: The crystal structure of Pb(TClBBP−H)(MeOH)[Au(CN)2]. a) The dimer
formed through Pb-Au bond. Hydrogen atoms are omitted for clarity. b) Hydrogen bonding
interactions extend the structure into a 1D chain. Chlorine and hydrogen atoms are omitted
for clarity. Atom colours: Orange: Pb, Gold: Au, Green: Cl, Red: O, Blue: N, Gray: C.
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Figure 6.14: The major crystal growth face of Pb(TClBBP−H)(MeOH)[Au(CN)2] (010).
Atom colours: Orange: Pb, Gold: Au, Green: Cl, Red: O, Blue: N, Gray: C.
6.4.3 Synthesis and structure of Pb(TClBBP−H)(OH)
The reaction to form the aforementioned Pb(TClBBP−H)(MeOH)[Au(CN)2] resulted in a
deprotonated TClBBP ligand and has a poor yield with a mixture of products. Attempts to
make the complex in higher yield included switching the lead starting material to Pb(OAc)2,
thereby including acetate, which could act as a base to deprotonate TClBBP and lead to a
higher yield. However, the reaction instead resulted in the formation of Pb(TClBBP−H)-
(OH). The structure consists of a seven coordinate distorted pentagonal bipyramid Pb centre
consisting of a tridentate BBP ligand, a benzimidazolate, two long interactions to chloro
groups and a hydroxide. Again, the TClBBP is monodeprotonated, this time acting as
a bridging unit with both N4 and N5 atoms in the benzimidazolate ring coordinating to
separate Pb centres, forming dimers supported by pi − pi interactions (Figure 6.15a, selected
bond lengths and angles can be found in Table 6.10). This interaction causes a puckering (α
angle) in the TClBBP ligand with a 15.2◦ angle between benzimidazole groups causing a
slight loss in anisotropy of the ligand. The dimers assemble into 1D columns via hydrogen
bonding interactions between NH and hydroxide groups (Figure 6.15b). Chloro groups (Cl1
and Cl3) bridge complexes together linking 1D columns together in three dimensions, helping
to align TClBBP units parallel in the structure (Figure 6.16).
Crystals of Pb(TClBBP−H)(OH) grow as plate needles with the (010) plane as the
main accessible face for birefringence measurement. A view of this face (Figure 6.17) shows
TClBBP units in parallel fashion approximately edge on (γ=11.2◦). The measurement axis
also cuts the central pyridine resulting a near optimal β value of 0.3◦. As discussed, the
bridging mode of one chlorobenzimidazole unit leads to a puckering of the TClBBP ligand
and an α value of 15.2◦. Despite these deviations from the optimised anisotropic case, the
view is still extremely anisotropic, with chloro groups pointing in the high refractive index
horizontal direction, which should therefore lead to high birefringence values. Unfortunately
the reaction again leads to a mixture of products and the crystals do not have sufficient
optical quality to acquire birefringence characterisation. Reactions to make the compound
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(a)
(b)
Figure 6.15: The structure of Pb(TClBBP−H)(OH). a) A dimer formed through bridging
benzimidazole groups. b) Hydrogen bonding interactions between TClBBP and hydroxide
units forming a 1D angled column. Atom colours: Orange: Pb, Green: Cl, Red: O, Blue: N,
Gray: C, White: H.
without [Au(CN)2]– as a starting material are ongoing, to hopefully yield better quality
crystals.
In the last two examples, the TClBBP ligand is deprontonated in the final structure.
Whilst complexes with deprotonated BBP are known (discussed in section 2.1) these usually
involve deprotonation before complexation and thus deprotonated BBP complexes have not
been observed through the synthesis techniques elsewhere in this thesis. For TClBBP, the
electron withdrawing Cl groups likely lower the pKa of the imidazole NH leading to the
observed deprotonation in the complexes. When deprotonated, the ligand now has an extra
site to act as a hydrogen bonding acceptor or coordination bond (as seen in the two previous
examples). Whilst these interactions do not guarantee the alignment of the TClBBP units,
the two examples show that it provides extra weak interactions to orient the structure.
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(a)
(b)
Figure 6.16: a) Weak interactions between chloro groups (green) on TClBBP and Pb centres
(grey) links 1D columns into 2D sheets (blue and light blue; red and orange). b) Chloro
groups linking 2D sheets together.
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Figure 6.17: The major crystal growth face of Pb(TClBBP−H)(OH) (010). Atom colours:
Green: Cl, Blue: N, Gray: C.
6.5 Attempts to align TMBBP in supramolecular materials
Switching from halo groups to methyl groups provides an ideal comparison to the halo
derivatives. Once again attempts were made with a variety of colourless metals and
cyanometallate bridging units. Preliminary results that lead to crystalline products included
attempts with Mn, Zn and Pb with either [Au(CN)2]– or [Pt(CN)4]2− building blocks and
are outlined below.
6.5.1 Synthesis and structures of Zn(TMBBP)2[NO3]2·MeCN and Mn-
(TMBBP−H)2·3DMF ·3H2O
Initial attempts to make coordination polymers with TMBBP with Zn(NO3)2 · 6H2O
and MnCl2 · 4H2O using [Au(CN)2]– as a bridging unit via an acetonitrile solvothermal
and slow evaporation of DMF methods respectively, resulted in complexes coordinately
saturated with TMBBP ligands that do not incorporate [Au(CN)2]– units. The structure of
Zn(TMBBP)2[NO3]2·MeCN instead includes two nitrate counter ions, which are involved
in hydrogen bonding to the NH groups on TMBBP (Figure 6.18a, selected bonds lengths
can be found in Table 6.11). The structure also contains an acetonitrile solvate. The
structure of Mn(TMBBP−H)2·3DMF ·3H2O contains two mono deprotonated TMBBP
ligands (Figure 6.18a, selected bond lengths can be found in Table 6.11) as well as DMF
and water solvates that form a hydrogen bonding network the one remaining NH group on
each TMBBP and the deprotonated version. In both cases the inclusion of two TMBBP
units per complex results in orthogonal orientation of the anisotropic ligands and an overall
isotropic structure, which is expected to have a low birefringence.
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(a)
(b)
Figure 6.18: a) The coordination sphere of Zn(TMBBP)2[NO3]2·MeCN showing orthogonal
alignment of TMBBP units, with nitrate ions hydrogen bonding to the NH groups (red
dashed line). b) The coordination sphere of Mn(TMBBP−H)2·3DMF ·3H2O again showing
orthogonal alignment of the TMBBP units, in this case each TMBBP is mono-deprotonated.
Solvated water and DMF molecules are removed for clarity. Atom colours: Brown: Zn,
Lavender: Mn, Red: O, Blue: N, Grey: C, White: H.
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Table 6.11: Selected bond lengths for Zn(TMBBP)2[NO3]2·MeCN and Mn(TMBBP−H)2-
·3DMF ·3H2O (in Å)
Bond Zn(TMBBP)2[NO3]2·MeCN Bond Mn(TMBBP−H)2·3DMF ·3H2O
Zn1-N1 2.203(5) Mn1-N1 2.207(3)
Zn1-N3 2.120(5) Mn1-N4 2.252(3)
Zn1-N4 2.157(5) Mn1-N3 2.263(3)
Zn1-N6 2.193(4) Mn1-N6 2.181(2)
Zn1-N8 2.104(5) Mn1-N8 2.264(2)
Zn1-N9 2.176(5) Mn1-N9 2.271(3)
Interaction Zn(TMBBP)2[NO3]2·MeCN Interaction Mn(TMBBP−H)2·3DMF ·3H2O
N2H2-O3a 2.832(8) O4H4D-O5 2.821(4)
N5H5-O3 2.741(8) O4H4E-N2c 2.754(4)
N7H7-O5b 2.843(7) O5H5A-O2d 2.842(5)
N10H1-O5 2.750(8) O5H5B-O3 2.731(5)
O6H6E-O2 2.780(4)
O6H6D-N7e 2.734(4)
N5H5-O6 2.723(4)
N10H10-O4 2.663(4)
† Symmetry operations: a: -x+3/2, y-1/2, -z+1, b: x+1/2, -y+3/2, -z+2, c: -x+1, y-1/2, -z+1/2, d:
x+1, y, z, e: -x, y+1/2, -z+1/2.
6.5.2 Synthesis and structure of Pb(TMBBP)2(MeOH)[Pt(CN)4]
Attempts with Pb and [Pt(CN)4]2− as the bridging unit via a methanol solvothermal method
resulted in crystals of Pb(TMBBP)2(MeOH)[Pt(CN)4]. This structure does include the
[Pt(CN)4]2− bridging unit, however it is not bound to metal centre, but is rather involved
in a hydrogen bonding network. As in the previous two cases, the structure consists of two
TMBBP per metal centre. However, in this instance, the Pb(II) centre is eight coordinate
by also containing two methanol ligands (Figure 6.19, selected bond lengths and angles can
be found in Table 6.12). The two TMBBP ligands are incorporated on one side of the Pb
coordination sphere, leaving a void, likely due to the presence of a stereoactive lone pair.
Variation in the TMBBP bond lengths with a 0.1 Å difference in benzimidazole-Pb bond
lengths, where the shorter bond length is approximately opposite the lone pair void, provides
further evidence of the presence of a stereoactive lone pair. This distortion means that
the ligands are not orthogonal, but rather are at an angle of 33.1◦. The [Pt(CN)4]2− units
are involved in hydrogen bonding networks to methanol and NH groups linking complexes
together. In comparison to the previous two examples, the angle between TMBBP units is
not as high, which leads to a more anisotropic structure; however, this is still far from the
ideal case.
As these three examples do not have ideal structures for high birefringence, they were
not characterised any further, but are included here in order to highlight the challenges of
incorporating TMBBP into well aligned structures.
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Figure 6.19: The structure of Pb(TMBBP)2(MeOH)[Pt(CN)4]. One of the TMBBP units
has been truncated to show just the coordinating N atoms for clarity. Atom colours: Orange:
Pb, Tan: Pt, Red: O, Blue: N, Gray: C, White: H.
Table 6.12: Selected bond lengths for Pb(TMBBP)2(MeOH)[Pt(CN)4] (in Å)
Bond Lengths Interactions
Pb1-O1 2.648(3) N2H9-N7b 2.874(5)
Pb1-O1a 2.648(3) N5H13-N6c 2.987(5)
Pb1-N1 2.706(3) O1H25-N6 2.907(6)
Pb1-N1a 2.706(3)
Pb1-N3 2.745(3)
Pb1-N3a 2.745(3)
Pb1-N4 2.811(3)
Pb1-N4a 2.811(3)
Bond Angles
O1-Pb1-O1a 111.33(18) O1a-Pb1-N3a 132.33(10)
O1-Pb1-N1a 87.39(11) N1a-Pb1-N3a 61.80(10)
O1a-Pb1-N1a 156.11(11) N1-Pb1-N3a 72.20(10)
O1-Pb1-N1 156.11(11) N3-Pb1-N3a 119.30(14)
O1a-Pb1-N1 87.39(11) O1-Pb1-N4 80.38(10)
N1a-Pb1-N1 79.26(14) O1a-Pb1-N4 74.41(10)
O1-Pb1-N3 132.33(10) N1a-Pb1-N4 95.26(10)
O1a-Pb1-N3 84.06(11) N1-Pb1-N4 120.23(10)
N1a-Pb1-N3 72.19(10) N3-Pb1-N4 60.03(10)
N1-Pb1-N3 61.80(10) N3a-Pb1-N4 152.87(10)
O1-Pb1-N3a 84.06(11)
† Symmetry operations: a: 1/2-x, +y, 1/2-z, b: x, y-1, z, c: x+1/2, -y+1, z+1/2.
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6.6 BNP
A look at the polarizability calculations in Table 6.1 shows that BNP should have the highest
polarizability anisotropy of all of the ligands studied in this thesis. Therefore if BNP could be
incorporated in a material with good alignment then it should lead to materials with an even
greater birefringence. So far attempts to form coordination polymers (or supramolecular
networks) with BNP have been hampered by lack of solubility and tendency to recrystallise
the ligand out of reactions. However, one promising initial result using DMF as the solvent
is outlined below.
Table 6.13: Selected bond lengths for Pb(BNP)(DMF)2[Pt(CN)4]·DMF (in Å)
Bond Pb(BNP)(DMF)2[Pt(CN)4]·DMF
Pb1-N1 2.577(5)
Pb1-N3 2.568(5)
Pb1-N4 2.576(5)
Pb1-N6 2.629(6)
Pb1-N8 2.885(7)
Pb1-O1 2.544(4)
Pb1-O2 2.890(7)
Interaction Pb(BNP)(DMF)2[Pt(CN)4]·DMF
N2H2A-N7a 2.805(7)
N5H5-O3 2.772(7)
† Symmetry operations: a: +x, +y, -1+z.
6.6.1 Synthesis and structure of Pb(BNP)(DMF)2[Pt(CN)4]·DMF
The reaction of Pb(ClO4)2 with BNP and [Pt(CN)4]2− in DMF resulted in crystals of Pb-
(BNP)(DMF)2[Pt(CN)4]·DMF after slow evaporation over one week. The structure consists
of a seven coordinate Pb(II) centre with a tridentate BNP ligand, two DMF ligands and
two nitrile ligands from two (half occupancy) [Pt(CN)4]2− units (Figure 6.20a, selected
bond lengths can be found in Table 6.13). The extended structure forms a 1D zig-zag
chain through bridging [Pt(CN)4]2− units with BNP units oriented in a coplanar fashion
(Figure 6.20b). The uncoordinated cyanide groups on one [Pt(CN)4]2− unit are involved in
a hydrogen bonding interaction to the one remaining NH group on the BNP and bridges
two chains together (Figure 6.20c). This interaction is also supported by pi − pi interactions
between BNP ligands of 3.40 Å.
The crystals of Pb(BNP)(DMF)2[Pt(CN)4]·DMF growth as thin orange plates perpen-
dicular to the (001) face. A view of this face (Figure 6.21a) shows BNP units deviated from
the optimal edge-on configuration (γ = 36.7◦) with a β value of 39.8◦. There is very little
deviation of the planarity of the BNP units with α angles of 1.56 and 5.02◦. This is another
case where the potentially measurable ∆n would be a slice of the maximum birefringence. A
view of the b axis (a primary refractive index as the crystals are monoclinic, Figure 6.21b)
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(a)
(b)
(c)
Figure 6.20: The structure of Pb(BNP)(DMF)2[Pt(CN)4]·DMF a) The coordination sphere
showing a BNP, two DMF ligands and two [Pt(CN)4]2− units (half occupancy) as well as
a further DMF molecule which hydrogen bonds to one NH group on BNP. The unbound
DMF group is disordered over two sites; only one configuration is shown for clarity. b) A
1D chain linked through bridging [Pt(CN)4]2− units. DMF molecules and hydrogen atoms
are removed for clarity. c) Hydrogen bonding interactions (red) link 1D chains (orange and
blue) together. Atom colours: Orange: Pb, Tan: Pt, Red: O, Blue: N, Gray: C, White: H.
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(a)
(b)
Figure 6.21: a) A view of the (001) face of Pb(BNP)(DMF)2[Pt(CN)4]·DMF with DMF
molecules removed for clarity. b) A view of the (010) face of Pb(BNP)(DMF)2[Pt(CN)4]-
·DMF showing only the BNP units for clarity. Atom colours: Orange: Pb, Tan: Pt, Blue:
N, Gray: C.
shows the ligands edge-on and so this is likely the largest birefringence for the compound.
Although crystal growth face for this compound is not optimal, it is still expected to have a
high value due to the increased anisotropy of the BNP ligand. Unfortunately, these crystals
desolvate over several hours when removed from the mother liquor, making birefringence
measurements challenging; to date, these have not been successful.
Although only one example is shown here, the structure contains well aligned BNP units,
which is promising and warrants further investigation.
6.7 Conclusion and future work
This chapter investigated BBP derivatives that have a greater polarisability anisotropy in
order to target materials with a higher birefringence. Polarizability anisotropy calculations
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gave insight into which derivatives are the most ideal candidates with TClBBP and BNP
representing the best candidates. Preliminary studies with diClBBP resulted in a Eu-
[Au(CN)2]– containing coordination polymer that is isostructural with the BBP analogue
(from Chapter 4). However, the crystals display different crystal growth directions to those
of the BBP analogue and do not exploit the added polarizability of the C-Cl bonds. Solid
solutions of mixed ligands (diClBBP/BBP and diBrBBP/BBP) incorporate both ligands
and have crystals that grow the same as the BBP analogue, showing a new way of controlling
crystal growth.
The results with TClBBP are the most promising: all 4 structures that include this
ligand have the TClBBP units coplanar through a variety of non-covalent interactions,
resulting in highly anisotropic structures. Thus far only one birefringence value has been
determined, that of Pb(TClBBP−H)(MeOH)[Au(CN)2]. This structure has good alignment
of the TClBBP ligands through a metallosupramolecular network of weak interactions
including hydrogen bonds and pi−pi interactions. It also has an optimal crystal face available
for birefringence measurement, resulting in a ∆n value of 0.912(12), which is among the
highest values known, more than five times that of calcite.
Preliminary studies with TMBBP have thus far resulted in complexes containing multiple
TMBBP ligands and therefore this ligand does not appear to be a good candidate to make
birefringent materials. Initial studies using BNP seem promising, however, low solubilty and
the coloured nature of the ligand may restrict its usefulness.
This chapter collects a series of projects, none of which are completed, but each vary in
amount of progress obtained thus far. Thus, much of the future work will entail continuation
of the current projects to completion. Most of the compounds are challenging to obtain in
bulk purity due to the insolubility of most of the ligands and is thus something that needs to
be overcome. For the Eu-coordination polymers, more ratios should be attempted to further
characterise the solid solution behaviour. Ideally, a solid solution containing a higher ratio
of the halogenated ligand with crystals of sufficient optical quality to allow characterisation
of the birefringence would be synthesized to provide an example with a (statistically) greater
birefringence than the pure BBP analogue. The TClBBP study is the closest to completion,
requiring birefringence characterisation of more of the compounds to further show the effect
of adding the four chloro groups. The occurrence of monodeprotonated TClBBP ligands in
some of the structures, which provided different supramolecular synthons to form networks
also warrants further study. Initial results with TMBBP have proved unsuccessful and likely
this system does not warrant further investigation.
The solubility problems of the more anisotropic ligands in this chapter also warrants
further investigation. Polarizability calculations should be used to assess the effect of adding
solubilizing groups, such as alkyl chains or sulfonate groups, on the polarizability anisotropy
of the resulting ligands, in order to determine which functionalizations and substitution
positions have the least detrimental effect. Polarizability calculations can also be used to
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assess other ligand targets such as the cyano group substitutions to BBP or halo substitutions
to BNP.
6.7.1 The march to ∆n = 1
Building on the success of TClBBP, the natural progression is to synthesize TBrBBP as the
polarizability calculations indicate this would be a better candidate and would likely not
show absorption in the visible, as is the case for the other halogenated derivatives. However,
solubility should be considered as from diClBBP to diBrBBP to TClBBP the ligands become
less soluble and therefore TBrBBP would likely be extremely insoluble.
The BNP ligand has issues of solubility and absorption but warrants further investigation
because it was determined to have the highest polarizability anisotropy of the ligands in
this thesis and so has the potential to form materials with even higher birefringence values,
perhaps breaking the ∆n = 1 barrier.
6.8 Experimental
6.8.1 General Procedures and methods
Procedures are the same as described in section 2.4.1 except for the following. All reagents
were obtained from commercial sources and used as received except for thionyl chloride, which
was vacuum transferred and stored under N2 in a glass bomb and 2,6-bis(benzimidazole)-
pyridine (BBP)108 and 2,6-bis(5,6-dimethyl-benzimidazole)pyridine (TMBBP)108,110,198,
which were synthesized by literature procedures.
6.8.2 Synthesis of bis(halo-2-nitrophenyl)pyridine-2,6-dicarboxamide
2,6-Pyridinedicarboxylic acid (2.445 g, 14.7 mmol) was combined with thionyl chloride (6
mL, 82.7 mmol) and dry dioxane (18 mL) under N2. The reaction mixture was heated to 105
◦C for 4 hours, resulting in a clear colourless solution. The reaction mixture was allowed to
cool to RT and the solution concentrated under vacuum, resulting in a white solid. To this
solid was added the corresponding halo-nitroaniline (29.4 mmol) and the reaction mixture
placed back under N2. Triethylamine (28.8 mL) and dry CH2Cl2 (35 mL) were added and
the reaction mixture brought to a reflux for 16 hours. The reaction was allowed to cool to
RT and the solvent removed under vacuum, leaving a yellow/orange solid. The powder was
suspended in hot CH2Cl2 (50mL) and allowed to cool in the freezer. A yellow/orange powder
was isolated via filtration and washed with cold CH2Cl2. Bis(4-chloro-2-nitrophenyl)pyridine-
2,6-dicarboxamide- Yield: 4.172 g (60%). 1H NMR (500 MHz, CD2Cl2) δ 12.32 (s, 2H), 8.92
(d, J = 9.0 Hz, 2H), 8.51 (d, J = 7.7 Hz, 2H), 8.30 (d, J = 1.9 Hz, 2H), 8.24 (t, J = 7.6 Hz,
1H), 7.74 (dd, J = 9.1, 2.1 Hz, 2H). Bis(4-bromo-2-nitrophenyl)pyridine-2,6-dicarboxamide-
Yield: 4.761 g (57%). 1H NMR (500 MHz, CD2Cl2) δ 12.32 (s, 2H), 8.86 (d, J = 9.0 Hz,
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2H), 8.51 (d, J = 7.8 Hz, 2H), 8.44 (d, J = 2.3 Hz, 2H), 8.24 (t, J = 7.8 Hz, 1H), 7.88 (dd,
J = 9.0, 2.3 Hz, 2H). Bis(4,5-dichloro-2-nitrophenyl)pyridine-2,6-dicarboxamide- Sample
impure, used as crude in the next step. Crude Yield: 5.638 g (70%). 1H NMR (500 MHz,
CD2Cl2) peaks corresponding to desired intermediate: δ 12.37 (s, 2H), 9.20 (s, 2H), 8.52 (d,
J = 7.8 Hz, 2H), 8.43 (s, 2H), 8.26 (t, J = 7.7 Hz, 1H).
6.8.3 Synthesis of 2,6-bis(5/6-chloro-benzimidazole)pyridine
Bis(4-chloro-2-nitrophenyl)pyridine-2,6-dicarboxamide (1.2 g, 2.52 mmol) and iron powder
(5.58 g) were combined with HCl (conc, 15.5 mL) and an ethanol/water mixture (4:1, 280
mL) and heated to reflux for 16 hours. The solution was allowed to cool and filtered to give
a purple solid and a red filtrate. The purple powder was combined with Na2EDTA (13 g) in
water (200 mL) and heated at reflux for 4 hours or until a white powder of diClBBP formed,
which was isolated via filtration. Yield: 904 mg (94%). Anal. Calcd. for C19H11N5Cl2: C
60.02%; H 2.92%; N 18.42%. Found: C 59.72%; H 2.69%; N 17.85%. 1H NMR (400 MHz,
DMSO) δ 13.14 (m, 2H), 8.36 (d, J = 7.5 Hz, 2H), 8.20 (t, J = 7.8 Hz, 1H), 7.80 (m, 4H),
7.34 (m, 2H). 13C NMR (151 MHz, DMSO) δ 151.86, 151.50, 147.46, 147.38, 144.98, 142.90,
139.42, 139.38, 135.10, 133.19, 128.05, 126.64, 123.89, 122.73, 121.96, 121.03, 119.06, 113.21,
111.54. MALDI MS M+: 381.576. Calcd. for diClBBP 380.23. IR (ATR, cm−1) 3202 br,
1600 m, 1583 m, 1574 m, 1473 m, 1461 vs, 1454 vs, 1422 m, 1382 w, 1336 vw, 1310 s, 1265
w, 1230 m, 1215 m, 1162 w, 1118 w, 1058 m, 1004 m, 960 w, 859 m, 823 m, 799 s, 738 m 705
m. Raman (785nm, a: 1, %lp: 100, cm−1) 1600 m, 1574 m, 1538 s, 1435 m, 1420 m, 1281 m,
1233 m, 1112 w, 1050 w, 994 m, 964 m, 814 w, 706 w, 654 w, 413 w, 213 w, 108 w. ff
6.8.4 Synthesis of 2,6-bis(5/6-bromo-benzimidazole)pyridine
Bis(4-bromo-2-nitrophenyl)pyridine-2,6-dicarboxamide (1.25 g, 2.2 mmol) and iron powder
(4.5 g) were combined with HCl (conc, 12.5 mL) and an ethanol/water mixture (4:1, 150
mL) and heated to reflux for 16 hours. The solution was allowed to cool and filtered to give
a purple solid and a red filtrate. The purple powder was combined with Na2EDTA (9 g) in
water (100 mL) and heated at reflux for 4 hours or until a white powder of diBrBBP formed,
which was isolated via filtration. Yield: 750 mg (73%). Anal. Calcd. for C19H11N5Br2: C
48.64%; H 2.36%; N 14.93%. Found: C 47.08%; H 2.46%; N 14.39%. 1H NMR (500 MHz,
DMSO) δ 13.23 (s, 2H), 8.36 (d, J = 7.8 Hz, 2H), 8.20 (t, J = 7.8 Hz, 1H), 7.95 (s, br,
2H), 7.74 (s, 1H), 7.72 (s, 1H), 7.45 (s, 2H). MALDI MS M+: 470.527. Calcd. for diBrBBP
469.13. IR (ATR, cm−1) 3191 br, 1620 m, 1599 m, 1574 m, 1539 w, 1506 w, 1453 vs, 1415 s,
1374 m, 1304 s, 1269 w, 1226 m, 1155 w, 1129 w, 1071 vw, 1047 w, 995 w, 914 m, 848 m,
822 m, 808 m, 740 m. Raman (785nm, a: 1, %lp: 100, cm−1) 1598 s, 1578 m, 1568 m, 1536
s, 1466 w, 1441 m, 1413 m, 1378 w, 1276 m, 1239 m, 1220 m, 1227 w, 1048 w, 994 m, 959 w,
912 w, 811 w, 746 w, 680 m, 654 m, 588 w, 522 w, 361 w, 211 m.
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6.8.5 Synthesis of 2,6-bis(5,6-dichloro-benzimidazole)pyridine
Crude bis(4,5-dichloro-2-nitrophenyl)pyridine-2,6-dicarboxamide (565 mg, 1.04 mmol) and
iron powder (1.8 g) were combined with HCl (conc, 5 mL) and an ethanol/water mixture
(4:1, 90 mL) and heated to reflux for 16 hours. The solution was allowed to cool and filtered
to give a purple solid and a red filtrate. The purple powder was combined with Na2EDTA
(6.5 g) in water (100 mL) and heated at reflux for 4 hours or until a off-white powder
formed, which was isolated via filtration. The powder was digested in CHCl3 and filtered to
leave a white powder of TClBBP. Yield: 341 mg (73%). Crystals of 2,6-bis(5,6-dichloro--
benzimidazole)pyridine were formed from d6 DMSO in an NMR tube. Anal. Calcd. for
C19H9N5Cl4: C 50.82%; H 2.02%; N 15.59%. Found: C 48.22%; H 1.73%; N 14.26%. 1H
NMR (400 MHz, DMSO) δ 8.38 (d, J = 7.9 Hz, 2H), 8.22 (t, J = 7.7 Hz, 1H), 8.01 (s, br,
4H). MALDI MS M+: 449.558. Calcd. for TClBBP 449.12. IR (ATR, cm−1) 3442 s, 1603
w, 1574 m, 1460 m, 1441 vs, 1408 vs, 1377 m, 1298 s, 1271 w, 1240 m, 1196 m, 1148 w, 1091
m, 995 m, 959 m, 861 m 841 s, 739 m. Raman (785nm, a: 1, %lp: 100, cm−1) 1601 m, 1574
m, 1535 s, 1441 m, 1432 w, 1406 m, 1328 w, 1295 w, 1241 m, 1225 m, 1214 m, 998 m, 951
m, 750 w, 733 w, 664 m, 456 w, 423 w, 257 m, 244 w, 205 w, 140 w, 125 w, 115 w.
6.8.6 Synthesis of 2,6-bis(napthoimidazole)pyridine
2,6-Pyridinedicarboxylic acid (0.480 g, 2.87 mmol) was combined with 2,3-diaminonapthalene
(1.00 g, 6.32 mmol) in phosphoric acid (85%, 5.75 mL) and heated to 230◦C for 4 hours. The
hot mixture was poured into ice water (150 mL) and stirred vigorously for 10 mins before
filtering to give a dark brown powder. The powder was stirred in hot 10% Na2CO3 (50
mL) and filtered to give a brown powder, which was heated in ethylacetate (400 mL) and
hot filtered. The filtrate was passed through celite and the ethylacetate solution was left to
evaporate over several days resulting in brown crystals. Yield: 410 mg (35%). Crystals were
also formed as a side product in the reaction with Eu(NO3)3 · 6H2O and [Au(CN)2]– via
solvothermal method in acetonitrile. 1H NMR (500 MHz, DMSO) δ 13.13 (s, 2H), 8.54 (d,
J = 7.8 Hz, 2H), 8.37 (s, 2H), 8.29 (t, J = 7.8 Hz, 1H), 8.23 (s, 2H), 8.09 (s, 4H), 7.44 (s,
4H). 13C NMR (151 MHz, DMSO) δ 154.29, 147.59, 144.55, 139.39, 134.92, 130.89, 129.93,
128.24, 127.53, 124.27, 123.33, 122.91, 116.42, 107.04. MALDI MS M+: 412.598. Calcd. for
BNP 411.46. IR (ATR, cm−1) 3636 m, 3280 br, 3118 br, 3050 m, 1625 m, 1573 m, 1531 w,
1494 w, 1469 s, 1434 s, 1411 m, 1374 w, 1362 w, 1346 w, 1303 s, 1266 m, 1230 w, 1176 w,
1151 w, 1138 w, 1071 w, 998 w, 955 w, 914 w, 859 s, 840 m, 822 m, 748 m, 735 s. Raman
(785nm, a: 1, %lp: 1, cm−1) 1594 m, 1563 m, 1538 s, 1439 m, 1424 w, 1401 m, 1378 w, 1347
w, 1249 w, 1178 w, 1140 w, 1124 w, 994 m, 772 w, 750 m, 482 w, 150 w.
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6.8.7 Synthesis of 2,6-bis(5,6-dimethyl-benzimidazole)pyridine
The synthesis of TMBBP was conducted according to literature procedures.108,110 Dark
orange X-ray quality crystals of TMBBP were formed via solvothermal recrystallisation in
acetonitrile. 1H NMR (500 MHz, DMSO) δ 12.76 (s, 2H), 8.25 (d, J = 7.7 Hz, 2H), 8.11 (t,
J = 7.7 Hz, 1H), 7.53 (s, 2H), 7.47 (s, 2H), 2.38 (s, 6H) 2.35 (s, 6H).
6.8.8 Synthesis of Eu(diClBBP)(NO3)2[Au(CN)2]·(CH3CN)
Eu(NO3)3 · 6H2O (45 mg, 0.1 mmol), diClBBP (38 mg, 0.1 mmol) and KAu(CN)2 (27 mg,
0.1 mmol) were added to a 5 mL ampoule with 3 mL of acetonitrile, which was then sealed
under reduced pressure and heated to 125◦C for 12 hours before cooling slowly over 60 hours
to 25◦C. The resulting solution was filtered, washed with water followed by acetonitrile
to give pale yellow crystals of Eu(diClBBP)(NO3)2[Au(CN)2]·(CH3CN) and yellow powder.
Yield: 39 mg. Anal. Calcd. for C23H14N10AuCl2EuO6: C 29.19%; H 1.49%; N 14.80%.
Found: C 29.90%; H 1.53%; N 13.41%. IR (ATR, cm−1) 3581 br, 3193 br, 2152 m, 1608 m,
1574 m, 1539 w, 1471 s, 1421 vs, 1334 s, 1311 s, 1240 m, 1219 w, 1192 vw, 1157 w, 1129 w,
1064 m, 1042 vw, 1007 w, 972 w, 930 m, 856 m, 810 m, 736 w, 709 w. Raman (785nm, a: 1,
%lp: 100, cm−1) 2170 w, 1629 m, 1605 s, 1574 s, 1537 s, 1503 m, 1483 m, 1437 m, 1418 m,
1396 w, 1278 s, 1240 m, 1223 m, 1129 w, 1063 w, 1045 w, 1008 s, 995 m. 974 m, 931 vw,
822 vw, 748 vw, 708 w. 667 w, 600 w, 613 w, 533 w, 358 w, 275 w, 248 w, 206 w.
6.8.9 Synthesis of Eu(diXBBP)x(BBP)y(NO3)2[Au(CN)2]·(CH3CN)
Bulk purity has thus far not been obtainable for the blended systems but the following is a
general procedure to make the mixture that single crystals were picked from.
Eu(NO3)3 · 6H2O (45 mg, 0.1 mmol), diXBBP (0.1∗y mmol), BBP (0.1∗x mmol) and
KAu(CN)2 (27 mg, 0.1 mmol) were added to a 5 mL ampoule with 3 mL of acetonitrile, which
was then sealed under reduced pressure and heated to 125◦C for 12 hours before cooling slowly
over 60 hours to 25◦C. The resulting solution was filtered, washed with water then washed
with hot acetonitrile to give pale yellow crystals of Eu(diXBBP)x(BBP)y(NO3)2[Au(CN)2]-
·(CH3CN) and an unknown yellow powder. Eu(diClBBP)0.25(BBP)0.75(NO3)2[Au(CN)2]-
·(CH3CN)- Yield: 66 mg. Eu(diClBBP)0.4(BBP)0.6(NO3)2[Au(CN)2]·(CH3CN)- Yield: 67
mg. Eu(diBrBBP)0.25(BBP)0.75(NO3)2[Au(CN)2]·(CH3CN)- Yield: 73 mg. Eu(diBrBBP)0.6-
(BBP)0.4(NO3)2[Au(CN)2]·(CH3CN)- Yield: 67 mg.
6.8.10 Synthesis of Eu(TClBBP)(NO3)2[Au(CN)2]·(CH3CN)
Eu(NO3)3 · 6H2O (45 mg, 0.1 mmol), TClBBP (45 mg, 0.1 mmol) and KAu(CN)2 (27 mg,
0.1 mmol) were added to a 5 mL ampoule with 3 mL of acetonitrile, which was sealed under
reduced pressure and heated to 125◦C for 12 hours before cooling slowly over 60 hours to
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25◦C. The resulting solution was filtered, washed with water followed by acetonitrile to give
a mixture of pale yellow crystals of Eu(TClBBP)(NO3)2[Au(CN)2]·(CH3CN) and yellow
powder. Yield: 38 mg. Anal. Calcd. for Eu(TClBBP)(NO3)2[Au(CN)2]+ 0.4 TClBBP : C
29.77%; H 1.10%; N 13.35%. Found: C 29.81%; H 1.37%; N 13.38%. IR (ATR, cm−1) 3109
br, 2171 m, 1605 m, 1574 m, 1539 w, 1470 s, 1412 vs, 1305 s, 1254 m, 1227 m, 1185 w, 1153
w, 1099 m, 1028 w, 1006 w, 968 m, 873 m, 822 m, 737 m. Raman (785nm, a: 1, %lp: 100,
cm−1) 2177 vw, 1632 m, 1605 s, 1576 s, 1549 s, 1534 s, 1501 w, 1475 w, 1431 s, 1411 m,
1310 m, 1261 s, 1228 m, 1885 vw, 1100 vw, 1039 w, 1006 m, 968 m, 740 w, 670 m, 656 w,
472 vw, 431 vw, 377 vw, 348 vw, 258 w, 248 w, 208 w, 164 w, 109 s.
6.8.11 Synthesis of Mn(TClBBP)Br2·MeOH
MnBr2 · 4H2O (29 mg, 0.1 mmol) and TClBBP (45 mg, 0.1 mmol) were combined in a 5
mL ampoule with 3 mL of methanol, which was sealed under reduced pressure and heated
to 100◦C for 12 hours followed by cooling to 25◦C over 55 hours. The resulting solution was
filtered and pale yellow crystals of Mn(TClBBP)Br2·MeOH washed with methanol. Yield:
30 mg (43%). Anal. Calcd. for C20H13N5Br2Cl4MnO: C 34.52%; H 1.88%; N 10.06%.
Found: C 34.44%; H 1.71 %; N 10.38 %. IR (ATR, cm−1) 3443 m, 3025 br, 1602 m, 1574 m,
1548 w, 1469 s, 1442 m, 1413 vs, 1388 m, 1363 w, 1305 m, 1270 w, 1250 m, 1226 m, 1196 w,
1149 m, 1095 m, 1008 w, 965 m, 879 m, 868 s, 850 m, 817 s, 755 m, 740 m, 726 m. Raman
(785nm, a: 1, %lp: 100, cm−1) 1601 s, 1573 s, 1547 s, 1529 s, 1475 w, 1442 m, 1428 s, 1411
m, 1305 m, 1288 w, 1254 s, 1226 m, 1214 w, 1147 vw, 1090 vw, 1011 s, 998 w, 977 w, 965 m,
952 w, 748 w, 668 m, 653 w, 576 vw, 473 w, 426 w, 289 w, 269 w, 250 w, 215 w, 204 w, 183
w, 172 w, 160 w, 116 w.
6.8.12 Synthesis of Pb(TClBBP−H)(MeOH)[Au(CN)2]
Bulk purity has thus far not been obtainable for this compound but the following is the
procedure to make the mixture that single crystals were picked from.
Pb(ClO4)2 (41 mg, 0.1 mmol), TClBBP (45 mg, 0.1 mmol) and KAu(CN)2 (57 mg,
0.2 mmol) were combined in a 5 mL ampoule with 3 mL of methanol, which was sealed
under reduced pressure and heated to 100◦C for 12 hours before cooling over 55 hours. The
resulting solution was filtered to give a mixture of an unknown yellow powder and pale
yellow crystals of Pb(TClBBP−H)(MeOH)[Au(CN)2], which were washed with water and
methanol. Yield: 50 mg.
6.8.13 Synthesis of Pb(TClBBP−H)(OH)
Bulk purity has thus far not been obtainable for this compound but the following is the
procedure to make the mixture that single crystals were picked from.
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Pb(OAc)2 · 3H2O (38 mg, 0.1 mmol), TClBBP (45 mg, 0.1 mmol) and KAu(CN)2 (29
mg, 0.1 mmol) were combined in a 5 mL ampoule with 3 mL of methanol, which was sealed
under reduced pressure and heated to 100◦C for 12 hours before cooling over 55 hours.
The resulting solution was filtered and the mixture of an unknown yellow powder and pale
yellow crystals of Pb(TClBBP−H)(OH) and yellow powder washed with water and methanol.
Yield: 34 mg.
6.8.14 Synthesis of Zn(TMBBP)2[NO3]2·MeCN
Zn(NO3)2 · 6H2O (30 mg, 0.1 mmol), TMBBP (37 mg, 0.1 mmol) and KAu(CN)2 (46 mg,
0.1 mmol) were combined in a 5 mL ampoule with 3 mL of acetonitrile, which was sealed
under reduced pressure and heated to 125◦C for 5 hours before cooling over 25 hours to
25◦C. The resulting solution was filtered to give a mixture of brown powder and crystals of
Zn(TMBBP)2[NO3]2·MeCN. Yield: 53 mg. The structure of this compound was found to
not be ideal for birefringence therefore the compound was not further characterised.
6.8.15 Synthesis of Mn(TMBBP−H)2·3DMF ·3H2O
MnCl2 · 4H2O (20 mg, 0.1 mmol) in 2 mL of DMF was combined with a solution of TMBBP
(37 mg, 0.1 mmol) in 5 mL of DMF. To the resulting solution was added K2Pt(CN)4 (38
mg, 0.1 mmol), resulting in a pale yellow solution which was left to evaporate to give pale
yellow crystals of Mn(TMBBP−H)2·3DMF ·3H2O. Yield: 30 mg. The structure of this
compound was found to not be ideal for birefringence therefore the compound was not
further characterised.
6.8.16 Synthesis of Pb(TMBBP)2(MeOH)[Pt(CN)4]
Pb(ClO4)2 (41 mg, 0.1 mmol), TMBBP (37 mg, 0.1 mmol) and K2Pt(CN)4 (38 mg, 0.1
mmol) were combined in a 5 mL ampoule with 3 mL of methanol, which was sealed under
reduced pressure and heated to 100◦C for 12 hours before cooling over 55 hours. The
resulting solution was filtered and washed with methanol and water to isolate a mixture of
yellow powder and pale yellow crystals of Pb(TMBBP)2(MeOH)[Pt(CN)4]. Yield: 75 mg.
The structure of this compound was found to not be ideal for birefringence therefore the
compound was not further characterised.
6.8.17 Synthesis of Pb(BNP)(DMF)2[Pt(CN)4]·DMF
Pb(ClO4)2 (41 mg, 0.1 mmol), BNP (41 mg, 0.1 mmol) and K2Pt(CN)4 (38 mg, 0.1 mmol)
were combined in DMF (9 mL), resulting in a orange/brown solution. The solution was left
to slowly evaporate over 2 weeks resulting in orange crystals of Pb(BNP)(DMF)2[Pt(CN)4]-
·DMF. Yield: 48 mg (42%). Anal. Calcd. for C40H38N12O3PbPt−2 · 5DMF: C 40.90%; H
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2.17%; N 13.95%. Found: C 40.60%; H 2.45%; N 14.19%. IR (ATR, cm−1) 3057 br, 2133 s,
2119 s, 1656 m, 1650 s, 1641 vs, 1633 m, 1605 w, 1589 w, 1572 w, 1478 m, 1458 m, 1434 s,
1386 m, 1351 w, 1303 m, 1286 w, 1267 w, 1140 vw, 1099 w, 1057 vw, 1006 m, 965 m, 885 w,
861 m, 821 m, 748 m 737 m. Raman (785nm, a: 1, %lp: 100, cm−1) 2167 w, 2162 w, 2147
vw, 2139 vw, 1638 w, 1605 s, 1589 m, 1570 m, 1547 m, 1531 m, 1502 m, 1489 w, 1447 s,
1434 w, 1408 m, 1380 m, 1350 m, 1322 m, 1278 s, 1140 m, 1006 s, 966 m, 857 vw, 765 w,
753 m, 664 vw, 612 vw, 599 vw, 505 w, 469 vw, 374 vw, 263 w, 222 w, 121 w.
6.8.18 Measurement of birefringence.
Birefringence measurements were performed as per the method outlined in Section 2.4.8
except for the measurement of Pb(TClBBP−H)(MeOH)[Au(CN)2], which was measured
using the additional compensator plate outlined in Section 1.5.4.
6.8.19 Single crystal X-ray diffraction.
The data for all compounds was collected, processed and presented according to the details
in Section 2.4.9. Additional crystallographic information can be found in Tables 6.14 and
6.15 and in the cif file accompanying the electronic version of this thesis. Structures of
Eu(diXBBP)x(BBP)y(NO3)2[Au(CN)2]·(CH3CN) all showed disorder of the halogen groups
over 5 and 6 position of the benzimidazole, which was modelled using PART commands with
EADP commands used to ensure the same anisotropic displacement for each pair. For the
solid solution structures (Eu(diXBBP)x(BBP)y(NO3)2[Au(CN)2]·(CH3CN)) the occupancy
of the chloro groups was optimised to give the lowest Rvalue.
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Table 6.14: Crystallographic data for TClBBP, TMBBP, BNP.H2O and BNP.MeCN
Compound reference TClBBP TMBBP BNP.H2O BNP.MeCN
Chemical formula C21H15Cl4N5OS C23H23N5O C29H20N6 C27H19N5O
FW (g·mol−1) 527.24 385.46 452.51 429.47
Crystal system Monoclinic Orthorhombic Monoclinic Monoclinic
a (Å) 13.3993(13) 11.0177(5) 16.8871(2) 6.08420(10)
b (Å) 5.9973(5) 16.3269(8) 5.68880(10) 13.3489(2)
c (Å) 27.481(3) 22.5951(10) 24.6338(3) 25.5498(5)
α (◦) 90 90 90 90
β (◦) 96.137(8) 90 108.2150(10) 92.2890(10)
γ (◦) 90 90 90 90
V (Å3) 2195.7(4) 4064.5(3) 2247.92(6) 2073.43(6)
T (K) 296(2) 296(2) 297(2) 296(2)
Space group P21/n Fdd2 P21/n P21/n
Z 4 8 4 4
Radiation (Å) 1.54184 1.54184 1.54184 1.54184
µ (mm−1) 6.011 0.640 0.651 0.696
Reflns. all 21251 13819 39011 16362
Reflns. unique 3955 1845 4116 3784
Rint 0.1117 0.0334 0.0477 0.0337
R1 [I0 ≥ 2.0σ (I0)] 0.0515 0.0277 0.0366 0.0386
wR(F2) 0.1281 0.0746 0.0924 0.0966
R1 (all data) 0.0721 0.0290 0.0441 0.0486
wR(F2) (all data) 0.1422 0.0761 0.0984 0.1035
Goodness of fit 1.034 1.062 1.029 1.045
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Chapter 7
Global thoughts, conclusions and
future directions
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7.1 Conclusions
This thesis has outlined a methodology for the rational design of birefringent materials
using crystal engineering strategies. The main goal was to build on the previously outlined
strategy of incorporating ligands with high polarizability anisotropy into coordination
polymers, aligning them in such a way as to gain additive anisotropy and therefore create
birefringent materials. This thesis has predominantly focused on the investigation of BBP
and BBP derivatives as capping ligands due to their higher polarizability anisotropy and
easier synthesis, as compared to the previously studied terpy. Along the way, several factors
affecting the measureable birefringence were outlined: crystal quality, growth direction,
alignment of the anisotropic ligands, as well as parameters that describe the orientation
of the ligands with respect to the primary crystal growth face, in order to easily simplify
structures and rationalise birefringence values.
The incorporation of hydrogen bonding NH groups on BBP provided extra synthons
for weak interactions to help form highly anisotropic metallosupramolecular networks with
∆n values as high as 0.69(2) and 0.912(12) for materials incorporating BBP and TClBBP
respectively. In the case of BBP-containing materials, no structure had both the optimum
alignment of the ligands and appropriate available crystal face to measure the maximum
birefringence. Thus, ∆n values higher than 0.69 with BBP should be possible. Investigations
into the removal of the NH groups and hydrogen bonding solvents revealed a diminished
tendency for supramolecular alignment of the anisotropic ligands and subsequently lower
birefringence values.
By exploiting the modularity of the coordination polymer methodology, multifunctional
materials — those that are both highly birefringent and emissive — were synthesized by
incorporating lanthanide ions and BBP ligands into a coordination polymer. Attempts to
influence the crystal growth direction by doping BBP into Eu(diXBBP)(NO3)2[Au(CN)2]-
·(CH3CN) coordination polymers provided a new way to influence the crystal morphology
that should be further investigated.
7.1.1 Some thoughts and questions
At the end of it all, some questions come to mind: How much of a role does the coordination
polymer framework play in the birefringence? Is it only a scaffold to align the organic
components? The low ∆n value for Pb(OH2)[Au(CN)2]2 (∆n = 0.070), as compared with the
values in this thesis would suggest that it has a small contribution. However, minerals such as
calomel (∆n = 0.683)) provide examples to the contrary. How necessary is the coordination
polymer framework? Many examples in the thesis are not strictly coordination polymers, but
are rather metallosupramolecular frameworks, including the example of Pb(TClBBP−H)-
(MeOH)[Au(CN)2] (∆n = 0.912(12)). However, all of the coordination polymer structures
have well-aligned ligands, whereas many of the hydrogen bonded networks have ligands
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deviating from co-planarity. Is this a coincidence? Are these hydrogen bonded networks
more processable due to their increased solubility?
Are the additional NH groups on BBP actually advantageous? On the one hand, they
provide further interactions to link one or two dimensional coordination polymers into further
dimensions and also allow for the creation of supramolecular hydrogen bonded networks;
however, in many cases, the cyanide groups from the bridging units also hydrogen bond to
the NH groups, preventing the formation of a coordination polymer. The NH groups also in
some cases act as hydrogen bonding donors to hydrogen bonding acceptor solvents, thus
incorporating solvent into the structure that may easily be lost from the crystal, resulting in
a loss of crystallinity.
In the quest for materials with higher birefringence, the more anisotropic halogenated
ligands and ligands with extended pi−systems were sought after. However, these are much
less soluble, limiting the options to synthesise materials as well as to process them. Whilst
the goal of this thesis was exploring what is possible with this strategy, in targeting an
applicable material, it is likely favourable to either compromise on ∆n, to allow for the use
of starting materials that are easier to work with or alter the organic ligand further to build
in increased solubility without negatively impacting ∆n.
7.2 Future directions
Future work based on specific investigations in this thesis have been outlined at the end of
each chapter. Therefore this future work chapter mainly concentrates on new avenues based
on the global findings of the thesis.
7.2.1 Control of crystal morphology
A large limitation of the work in this thesis is that the measurable birefringence is defined
by the available crystal face and that the measurement is not possible for some crystal
morphologies (as in section 2.2.2). With a few exceptions (examples in Chapter 5 and
Section 6.4.2), the available crystal face did not coincide with a primary refractive index,
thus the measured birefringence is a slice of the maximum birefringence of the material
(see Section 1.1 for further explanation). An example of a particularly unfortunate primary
growth direction was outlined in Section 2.2.3, where the structure has high anisotropy with
well-aligned BBP units but the crystal face presents a view of the face of BBP units and
therefore results in a low birefringence value down this face.
As such, attempts should be made to control crystal morphology by influencing the
crystal growth directions. The field of crystal growth and design provides possible routes
by which to achieve this, where the main method is through the use of growth modifiers or
modulators.
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Crystal growth modifiers or modulators
The use of crystallisation additives to influence the crystal morphology has been extensively
studied.210 Additives can be used to either inhibit or promote crystal growth at a given face;
that can be further categorised into either organic or inorganic additives. Organic additives
are typically proteins, amino acids, or carboxylic acids, whereas inorganic promoters are
often metal cations such as Na+, K+, Zn2+ or Ag+.210 Despite this work there is still much
debate over the crystallisation mechanisms and specific mechanisms of the additives such
that often promoter and inhibitors can have very similar shapes and characteristics, thus
making it difficult to predict how an additive will function and what its impact will be.
Figure 7.1: Top: Strategies and corresponding models for morphology-controlled IRMOF-3-
Ag-n crystals by one-pot synthesis of coordination modulation method. Bottom: Preparative
parameters of IRMOF-3-Ag-n crystals. Reprinted with permission from D. Li, H. Wang, X.
Zhang, H. Sun, X. Dai, Y. Yang, L. Ran, X. Li, X. Ma, and D. Gao ”Morphology Design of
IRMOF–3 Crystal by Coordination Modulation” Cryst. Growth Des., vol. 14, pp. 5856–64,
2014. Copyright 2014 American Chemical Society.
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Of particular relevance is the recent research into control of crystal morphology in
MOFs (Metal-Organic Frameworks). Driven by the investigation into the effect of crystal
morphology on intrinsic properties such as gas sorption, there have been many examples
of using crystal coordination modulators to tailor the morphology. These include using
n-dodecanioc acid and lauric acid to tune the morphology of HKUST-1 (Cu3(btc)2, btc =
benzene-1,3,5-tricarboxylate) crystals from octahedron to cuboctahedron to cubic depending
on additive concentration.211,212 Other approaches include tuning the OH− content,213
adding Ag nanoparticles,214 acetic acid or pyridine.215 In each case, the structure remains
the same, only the crystal morphology is changed. An example that particularly highlights
the potential of this method is that of IRMOF-3 (Zn4O(2−Aminoterephthalicacid)3).216 In
this case, through different permutations of EtOH, poly(vinylpyrrolidone) (PVP), AgNO3
and tetramethylammonium bromide (TMAB) additives a wide range of morphologies could
be achieved (Figure 7.1).
The field is not yet developed enough to be able to predict which additives would work
best for any of the materials in this thesis. However, these examples are encouraging signs
that controlling the morphology could be possible.
Changing the crystallisation solvent can also change the crystal morphology, however
this can also lead to a different polymorph of the structure and so this method should be
attempted with caution.87
Figure 7.2: Schematic diagram for the step-by-step growth of the MOFs on the SAM,
by repeated immersion cycles, first in solution of metal precursor and subsequently in a
solution of organic ligand. Here, for simplicity, the scheme simplifies the assumed structural
complexity of the carboxylic acid coordination modes. Reprinted with permission from
O. Shekhah, H. Wang, S. Kowarik, F. Schreiber, M. Paulus, M. Tolan, C. Sternemann, F.
Evers, D. Zacher, R. A. Fischer, and C. Wöll ”Step-by-Step Route for the Synthesis of
Metal-Organic Frameworks” J. Am. Chem. Soc., vol. 129, pp. 15118–9, 2007. Copyright
2007 American Chemical Society.
173
7.2.2 Oriented crystalline thin films
Another limitation of the work in this thesis is the size of the crystals synthesized. In most
cases, the crystals do not grow to a size greater than 200 µm. This is a clear disadvantage as
compared with inorganic minerals such as rutile or calcite. To combat this issue, one solution
is to synthesize crystalline thin films. This has been attempted for various coordination
polymers and MOFs through a wide range of methods that have been summarised in recent
reviews.217–219 Methods include deposition directly onto substrates such as SiO2, Al2O3 and
TiO2, resulting in crystalline but often randomly oriented thin films.220,221 In order to be a
useful method to create a birefringent thin film, the crystals need to be orientated in the
same direction to avoid cancellation of the birefringence (similar to section 1.1.2 but with
crystals rather than naphthalene molecules). Therefore the films would ideally be single
crystalline or have a preferred orientation.
The most successful method at achieving this uses the deposition of a self-assembled
monolayer (SAM) onto a substrate with terminal groups of the monolayer molecules avail-
able to coordinate metal ions (typically carboxylate groups). This enables the growth of
crystals on a well ordered substrate. There have been many substrates used and SAM
molecules attempted,219 with the MOFs grown via many methods including evaporation and
solvothermal techniques. The most promising method is the layer-by-layer growth method
(Figure 7.2). This method utilises a SAM-coated substrate and builds up layers of MOF via
repeated immersion cycles in metal and linker solutions. The control of this method can
lead to highly oriented, crystalline films.219 A particularly promising report is on HKUST-1,
which describes using a robot to perform layer-by-layer cycles with an ultrasonication step
between each cycle, resulting in highly ordered crystalline thin films (Figure 7.3).222
Based on these reports, SAMs containing BBP could be formed on a substrate with
the aim to grow coordination polymer thin films via the layer-by-layer method. An extra
benefit of growing the films by this method is that the BBP units would also be in the ideal
orientation to the substrate thereby also solving the crystal face direction problem discussed
in the previous in the previous section.
7.2.3 Controlling the density
This thesis has concentrated on designing birefringent materials by targeting a difference in
polarizability in orthogonal directions of a crystal. Another way to target this is by modifying
the density in one direction over another. One way in which to rationally design a density
difference is through the use of pillared MOFs. These are 2D coordination polymers that are
connected into three dimensions through linear bridging units (the pillars, Figure 7.4). The
distance between sheets can therefore be tuned by changing the length of the pillar units.
In designing such materials, the metals chosen should ideally lead to colourless materials
and the changing length of the pillars should lead to a structure with the same structural
174
Figure 7.3: Comparison of the transparency of the standard SURMOF sample with a
SUR-MOF prepared with ultrasonication, resulting in an improved morphology. Photo-
graphs of the samples prepared without and with ultrasonication are shown in (a,top) and
(b,top), respectively. SEM images of HKUST-1 SURMOFs prepared without ultrasonication
(a, middle) and with ultrasonication (b, middle) grown on plain MHDA SAMs. Bottom:
Out-of-plane XRD data of HKUST-1 SURMOFs prepared by the dipping robot without
and with ultrasonication. The inset shows the structure of the HKUST-1 SURMOF grown
in [100] orientation. Reprinted with permission from Z.-G. Gu, A. Pfriem, S. Hamsch, H.
Breitwieser, J. Wohlgemuth, L. Heinke, H. Gliemann and C. Wöll ”Transparent films of
metal-organic frameworks for optical applications” Microporous Mesoporous Mater., vol.
211, pp. 82–7, 2015. Copyright 2015 Elsevier Inc..
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topology and geometry. The structures would also ideally not be interpenetrated, so that
the density differences in 2 directions are not compromised.
Figure 7.4: Simplified representation of the synthetic route for the generation of double-
pillared 3D open-frameworks based on a binuclear [Cd2(m-O)2O6N4] metal cluster. Reprinted
with permission from Z.-J. Lin, T.-F. Liu, B. Xu, L.-W. Han, Y.-B. Huang and R. Cao
”Pore-size tuning in double-pillared metal-organic frameworks containing cadmium clusters”
CrystEngComm, vol. 13, pp. 3321–4, 2011. Copyright 2011 Royal Society of Chemistry.
Due to the vast literature on pillared MOFs,223,224 suitable test systems can be found.
One example is a Cd-based MOF with tetrakis[(3,5-dicarboxyphenoxy)methyl] methane as
the bridging unit within the 2D sheets and a series of pillars (Figure 7.5): 4,4′-bipyridine
(bipy); 4,4′-azopyridine (azpy); 1,2-bis(4-pyridyl)ethane (bpe); 1,4-bis(4-pyridyl)benzene
(bpb).225 In this case, the structures are the same for bipy, azpy and bpe and thus are an
ideal set to compare. Another consideration is how these pores are filled (in this case with
various amounts of DMF and water). Crystals should not lose crystallinity when desolvated.
In this case the materials are stable when evacuated and so could be filled with water
(isotropic).
7.2.4 Investigating bridging units
This thesis did not address any issues with the bridging unit, and instead primarily used
[Au(CN)2]– for direct comparison to previous research. However, as the building block is
typically oriented perpendicular to the anisotropic ligands, the polarizability anisotropy of the
[Au(CN)2]– units partially cancels the anisotropy of the ligand, thus a more isotropic bridging
unit should be targeted. Previous studies on Au(III)-based bridging units such as [Au(CN)4]–
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Figure 7.5: Top: Pillars utilized for the construction of 3D pillared MOFs (labelled a-d to
correspond with structures a to d). Bottom: Double-pillared cadmium-based 3D metal-
organic frameworks having variable pore sizes along the [100] direction due to the different
length of pillars. Reprinted with permission from Z.-J. Lin, T.-F. Liu, B. Xu, L.-W. Han,
Y.-B. Huang and R. Cao ”Pore-size tuning in double-pillared metal-organic frameworks
containing cadmium clusters” CrystEngComm, vol. 13, pp. 3321–4, 2011. Copyright 2011
Royal Society of Chemistry.
or [AuX2(CN)2]– show that while these can (in some cases) bridge metal centres to form
coordination polymers, they have been relatively unexplored and for [AuX2(CN)2]–, attempts
to make coordination polymers often led to molecular structures.226–228 Tetracyanometallates
such as [Pt(CN)4]2− or [Ni(CN)4]2− are known in the literature to form coordination polymers
and are therefore good candidates. In the long term, using metals such as gold or platinum
and cyanides are unlikely to be feasible for applications, so other bridging units that are
either isotropic or have low polarizability anisotropy should be targeted.
7.2.5 Computations of ∆n
This thesis briefly exploited molecular polarizability calculations in order to rationalise
differences in birefringence values in Chapter 5 and also to determine which BBP derivatives
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are the most anisotropic in Chapter 6. However, if calculations could be used to determine
the ∆n of a crystal structure directly, this would allow for a more detailed understanding
of the birefringence of the structures. Also, for materials which do not have the optimal
crystal face available, this would provide an easier method of determining the maximum
birefringence of the material. It could also be used to predict values for known structures
either in the Inorganic Structural or Cambridge Structural Databases or even theoretical
structures in a similar method to studies on MOFs for gas storage.229
Methods for calculating the birefringence for liquid crystalline materials230,231 as well as
for inorganic materials232,233 such as borates234–236 have been quite successful at predicting
known values, therefore these methods could potentially be adapted for coordination polymer
materials.
7.3 Concluding comments
Overall, this thesis shows that crystal engineering methodologies can be used to rationally
design structures to have high birefringence. With the concepts defined in this thesis
combined with new directions outlined in future work, the future looks bright for high ∆n
coordination polymer materials.
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